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ABSTRACT 

 

As the technology advances, the feature size of the modern integrated circuits (ICs) has 

decreased dramatically to nanometer amplitude. On one hand, the shrink brings benefits, such as 

high speed and low power consumption per transistor. On the other hand, it poses a threat to the 

reliable operation of the ICs by the increased radiation sensitivity, such as single event effects 

(SEEs). For example, in 2010, a commercial-off-the-shelf (COTS) BiCMOS DC/DC pulse width 

modulator (PWM) IC was observed to be sensitive to neutrons on terrestrial real-time 

applications, where negative 6-μs glitches were induced by the single event transient (SET) 

effects. As a result, a project was set up to comprehensively study the failure mechanisms with 

various test methodologies and to develop SET-tolerant circuits to mitigate the SET sensitivity. 

First, the pulsed laser technique is adopted to perform the investigation on the SET response 

of the DC/DC PWM chip. A Ti:Sapphire single photon absorption (SPA) laser with different 

wavelengths and repetition rates is used as an irradiation source in this study. The sensitive 

devices in the chip are found to be the bandgap voltage reference circuit thanks to the 

well-controlled location information of the pulsed laser. The result is verified by comparing with 

the previous alpha particle and neutron testing data as well as circuit simulation using EDA tools. 

The root cause for the sensitivity is also acquired by analyzing the circuit. The temperature is 

also varied to study the effect of the temperature-induced quiescent point shift on the SET 

sensitivity of the chip. The experimental results show that the quiescent point shifts have 

different impacts on SET sensitivities due to the different structures and positions of the 

circuitries. After that, heavy ions, protons, and the pulsed X-ray are used as irradiation sources to 

further study the SET response of the DC/DC chip. The heavy ion and pulsed laser data are 
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correlated to each other. And the equivalent LETs for laser with wavelengths of 750 nm, 800 nm, 

850 nm and 920 nm are acquired. This conclusion can be used to obtain the equivalent heavy ion 

cross section of any area in a chip by using the pulsed laser technique, which will facilitate the 

SET testing procedure dramatically. The proton and heavy ion data are also correlated to each 

other based on a rectangular parallel piped (RPP) model, which gives convenience in Soft Error 

Rate (SER) estimation. The potential application of pulsed X-ray technique in SET field is also 

investigated. It is capable of generating similar results with those of heavy ion and pulsed laser 

testing. Both the advantages and disadvantages of this technique are explained. This provides an 

alternative choice for the SET testing in the future. Finally, the bandgap voltage reference circuit 

in the DC/DC PWM is redesigned and fabricated in bulk CMOS 130nm technology and a SET 

hardened bandgap circuit is proposed and investigated. The CMOS substrate PNP transistor is 

much less sensitive to SETs than the BiCMOS NPN transistor according to the pulsed laser test 

results. The reason is analyzed to be the different fabrication processes of the two technologies. 

The laser test results also indicate that the SET hardened bandgap circuit can mitigate the SET 

amplitude dramatically, which is consistent with the SPICE simulation results. These researches 

provide more understandings on the design of SET hardened bandgap voltage reference circuit. 
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1. INTRODUCTION 

 

1.1 Introduction 

In the last four decades, Integrated Circuit (IC) industry has developed dramatically. The 

feature size, which is the minimum size of a transistor, of the fabrication process is decreasing 

from 10 microns in 1971 to 32 nanometer in the early 2010s. In fact, 16 nanometer chips are 

underway. Since the transistor count per square millimeter of silicon is determined by the surface 

area of a transistor, the density of transistors increases quadratically with a linear decrease in the 

feature size. This advance not only decreases the power of the IC, but also minimizes the area of 

the chip and hence the costs. Furthermore, it accelerates the operation speed of the ICs. However, 

there are also some downsides along with the shrinking, one of which is the elevating sensitivity 

to Single-Event Effects (SEEs). 

A SEE is the interaction between an energetic particle and the IC materials, such as Silicon 

and III-V materials. When the particle is penetrating the chip, it ionizes the material along its 

path and generates extra electron-hole (E-H) pairs as is shown in Fig. 1.1. These excessive 

carriers will be collected by the electric field between the PN junction of the device, which 

results in current and voltage variations in the device. In a well-designed IC, soft errors induced 

by SEEs appear to be the most troublesome both in terrestrial and high altitude or space 

environment. The error rate caused by SEEs can be as much as 5,000 FIT (Failure in Time: 1 

failure per 10
9
 hours of device operation), while the typical hard failure rates in ICs add up only 

to 5-200 FIT. 
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One important SEE phenomenon is the Single-Event Transient (SET). It is a temporary 

voltage or current transient due to the passage of an energetic particle through sensitive nodes, 

such as the source and the drain PN junctions. The SET happens in analog ICs, which is known 

as Analog Single-Event Transient (ASET). There are mainly four types of particles contributing 

to the SET, namely alpha particles, neutrons, protons, and heavy ions. Their mechanisms of 

generating SEEs are different from each other. Alpha particles usually derive from the package 

material 
10

B and generate charges through direct ionizations. The mechanisms for high energy 

neutrons and protons are similar, which have both direct and indirect ionizations while they are 

different for low energies in that the proton cross-section is smaller due to the existence of the 

Coulomb Barrier. The mechanism for heavy ions is direct ionization. 

 

 

Figure 1.1 Single-Event Effect (SEE) schematic. 
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Another radiation effect similar to SEE is Total Ionizing Dose (TID). Unlike SEE, TID 

happens at isolation layers, such as poly gate dielectric (SiO2 or nitrided SiO2) and field oxide, 

which is shown in Fig. 1.2. It is an accumulative long term effect. When the energetic particle 

hits the oxide, E-H pairs will be generated due to the ionization process. However, the mobility 

of the electron is fast (for example, 1350 cm
2
/vs) while that of the hole is much slower (for 

example, 480 cm
2
/vs). As a result, the electrons are collected by the electric field at once while 

the holes are trapped inside the oxide. The transport of the hole can be as long as many decades. 

TID can arise along with SEE testing and hence affect the SEE testing.  

Generally speaking, there are multiple methodologies to evaluate the SEE, including alpha 

particles, neutrons, protons, heavy ions, pulsed laser and X-ray. There are several famous 

facilities capable of performing these testing in the world, such as TSL Uppsala in Sweden, 

 

 

Figure 1.2 Total Ionizing Dose (TID) schematic. 
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TRIUMF UBC in Canada, Berkeley Lab in the United States and CIAE in China. These facilities 

generate moderate radiation environment for SET investigations. However, they are 

time-consuming and the cost is huge. In addition, it is not easy to locate the sensitive nodes. As a 

result, researchers began to use pulsed laser to study SEEs. The pulsed X-ray was also proposed 

as an alternative in recent years. These efficient, economical alternatives can mimic the SET with 

acceptable accuracy via photon-material interaction. And the well-controlled step size makes it 

feasible to pinpoint the sensitive nodes to sub-micrometer level. This information helps to verify 

and improve Radiation Hardened by Design (RHBD) techniques. 

1.2 Motivation and Objective 

1.2.1 Motivation 

SEE has always been one of major concerns for the reliable applications of DC/DC pulse 

width modulator (PWM) converter circuits for space applications. As a complex analog/mix 

signal circuit, each of its sub-circuit can be affected by SEEs. These circuits can have different 

sensitivities to SEEs and the responses of the DC/DC PWM also vary. 

However, the previous SEE studies are all oriented to universe or satellite applications. Four 

years ago, a commercial network switch was observed to be malfunction during pre-qualification 

neutron testing. This is an odd phenomenon related to Single Event Transient (SET). After some 

further investigation, it was decided that the DC/DC PWM chip was sensitive to single-event 

effects caused by the neutrons on ground level. This is interesting as it is the first report that a 

DC/DC PWM converter chip is found to be sensitive to SET on ground level applications. As a 

result, it is both significant and necessary to perform an in depth study on the root cause and its 
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responses to different irradiation sources. Motivated by this purpose, multiple investigates are 

carried out.  

1.2.2 Objectives 

The objectives of this research are as follows: 

1. The comprehensive study on the single-event effect sensitivity of a commercial off the shelf 

DC/DC PWM chip using multiple methods, including alpha particle, neutron, proton, heavy 

ion, pulsed laser and X-ray techniques. 

2. The comparison of the multiple testing methodologies and the correlations of the data 

acquired from them.  

3. The investigation of SET sensitivity in CMOS bandgap reference circuits and the realization 

of a SET hardened bandgap reference structure based on the SET isolation technique. 

1.3 Thesis Organizations 

This thesis is based on the manuscripts published and submitted during the author’s Ph. D. 

program. The main contents of the thesis are composed of the research results acquired in each 

manuscript. A brief introduction is attached before each chapter to explain its relationship to 

previous chapters. And the conclusions are summarized at the end of it. The details of the thesis 

organizations are as follows. 

Chapter 1 includes a general introduction to the concepts of single-event effects and DC/DC 

PWM converter. The TID effect is also described in short. The motivation and objective of this 

research is presented in this chapter. 
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Chapter 2 is a detailed explanation to the concepts and knowledge background used in this 

study. The mechanisms and principles of single-event effects are explained. Different forms of 

single-event effects are also presented such as SET, SEU, SEL and SEFI. After this, multiple 

SEE evaluation and testing methodologies are described. For example, the sources of alpha 

particle, neutron, proton, heavy ion, pulsed laser and X-ray are introduced and the physical 

principles of these methodologies are explained. The feasibility and limits of each method are 

analyzed and compared. As an alternative and effective SEE testing method, the pulsed laser 

technique is described in more details. Both the single photon absorption (SPA) and the two 

photon absorption (TPA) techniques are presented. The advantages and disadvantages of the 

pulsed X-ray technique are also presented in this chapter.   

The manuscript included in Chapter 3 presents a comprehensive SET sensitivity study on 

the DC/DC PWM using the pulsed laser technique. The SPA laser with multiple wavelengths is 

adopted. The DUT is a commercial-off-the-shelf DC/DC PWM chip, which was found to be 

sensitive to SET on ground level applications. Our study shows that the laser can trigger exactly 

the same 6-μs SET glitches with those of alpha and neutron particle testing. The most sensitive 

sub-circuit is found to be the bandgap sub-circuit inside the DC/DC PWM chip. It requires least 

laser energy to have the 6-μs SET glitches. The root cause for the 6-μs constant is also found out 

by using model simulations. Radiation hardened methods are also proposed to mitigate the SET 

effects. 

Chapter 4 presents a manuscript that discusses the effects of temperatures on SET 

sensitivity of Analog/Mix Signal (AMS) circuits. Our study implies that the temperature can 

change the quiescent point of the circuits dramatically. As a result, some circuits become harder 

or easier to be affected by SET glitches. However, there are also circuits that see no significant 
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change in terms of SET sensitivity with respect to temperatures variations. The different 

responses to temperatures are analyzed from the view of circuit structures and quiescent point 

shift. The applications of these findings are also discussed. 

Chapter 5 presents a manuscript talking about the SET sensitivity dependency of a DC/DC 

PWM chip on the pulsed laser wavelength and repetition rate. Multiple repetition rates and 

wavelengths are used to evaluate the SET responses of the DC/DC PWM chip. As expected, 

different phenomena are observed as the combination of repetition rate and wavelength changes. 

These phenomena are compared with previous particle testing results, which indicates that the 

combination of laser repetition rate and wavelength affect not only the SET shape but also the 

threshold laser energy per pulse. The reasons are discussed in terms of the circuit structures. 

Chapter 6 includes a manuscript that discusses the correlation between the pulsed laser and 

heavy ion testing data. The energy per pulse of the laser is correlated to the LET of heavy ions in 

terms of threshold energy for the SET. As a result, the equivalent LETs of the pulsed laser for 

multiple wavelengths are acquired. The results are also compared with the studies of previous 

research. The applications of the laser equivalent LET are discussed, which shows the capability 

to plot the cross section for any specific area in the chip.  

The manuscript presented in Chapter 7 analyzes the relationship between proton testing data 

and those from laser and heavy ion tests. The different mechanisms of proton-induced and 

heavy-ion-induced SET are discussed and verified. The proton testing data is correlated to those 

of heavy ion by means of a rectangular parallel piped (RPP) model. The data are proven to be 

reasonable. However, it is not feasible to correlate the proton data to the pulsed laser data. The 

reason is discussed at the end of the manuscript. The applications of these results are also 

discussed. 
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The manuscript included in Chapter 8 investigates the feasibility of pulsed X-ray 

application in SEE testing on the DC/DC PWM circuit. The advantages of this method, such as 

enhanced penetration capability, are discussed. On the other hand, its limitations are also 

discussed. For example, the low energy absorption coefficient of the X-ray hinders its application 

in SEE testing. Also, the TID effect due to the X-ray irradiation limits the irradiation time. The 

result indicates that pulsed X-ray can be used to test devices that are particular sensitive to SEEs.   

Chapter 9 discusses the impact of different fabrication processes on the SET sensitivity. A 

bandgap reference circuit similar to the one in the DC/DC PWM chip was redesigned and 

fabricated in IBM bulk CMOS 130nm technology. Its SET sensitivity of deferent devices was 

studied using the pulsed laser technique. Unlike our previous study in the BiCMOS DC/DC 

PWM chip, the proportional to absolute temperature (PTAT) current generator transistors 

(previously mentioned as 3 by 3 areas) are not the most sensitive devices. The reason is 

determined to be the different bipolar structures in BiCMOS and bulk CMOS technology. 

Further analysis is performed to explain the difference between the two technologies. This 

knowledge also gives hints to radiation hardened by design techniques. 

In Chapter 10, a novel SET hardened bandgap circuit based on the SET isolation technique 

is proposed and verified. The sample circuit is fabricated in the IBM bulk CMOS 130nm 

technology. The structure can dramatically suppress the SET amplitude by temporarily isolating 

the output within the bandgap core circuit. In this way the majority of the SET glitches will be 

prevented from propagating to the output. The pulsed laser technique is used to verify the 

structure. The experimental data show that the proposed structure can effectively reduce the SET 

effects in the circuits. The SPICE simulation is also performed, and the results are consistent 
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with those of the pulsed laser test. This structure provides more choices for engineers and 

researchers in designing RHBD bandgap reference circuits. 

Chapter 11 summarizes all the results of this research. The potential applications and 

contributions of this work are also presented. The future work to improve this research is listed at 

the end of this chapter, which points out the direction for future study. 
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2. BACKGROUND 

 

The main purpose of this chapter is to provide a brief review of all the related background 

knowledge of this research, such as basic concepts and principles. To be specific, it includes the 

concepts of different types of single-event effects, the principles of different SEEs testing 

methodologies, and the structure of DC/DC PWM circuit. The main SEE types, such as SET, 

SEU, SEL and SEFI, are introduced. Also, the theories behind alpha particle, neutron, proton, 

heavy ion, pulsed laser and X-ray techniques are elaborated and detailed. 

2.1 Single-Event Effects 

With the fast march of modern IC industry, the feature size of the chip is scaled down from 

micro meter to nanometer range. On one hand, this shrink brings advantages with respect to chip 

area, power dissipation, and cost. On the other hand, it makes the chips vulnerable to SEEs, 

which have become a significant reliability issue. 

As presented in Chapter 1, a SEE is the interaction between an energetic particle and the IC 

materials (such as silicon and III-V materials), or it can be defined as any measurable or 

observable change in state or performance of a microelectronic device, component, subsystem, 

or system (digital or analog) resulting from a single energetic particle strike. It normally happens 

in a PN junction where the depletion region exists. Its essence can be better explained by the 

field-funneling effect presented in [1, 2].  

The SEE is composed of two processes, namely the charge deposition and the charge 

collection. When the nuclear particle hits the sensitive node, a cylindrical track is formed along 

with the traverse of the particle. The radius of this track is in submicron level. The material along 
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the track will be ionized and excess carriers in the form of electron-hole pairs are created with 

high concentration. This is the course of charge deposition. When these carriers pass the 

depletion region, they will be collected by the electric field. As a result, a current or voltage 

perturbation will appear. This is the course of charge collection. This charge collection can 

distort the potential of the depletion region into a funnel shape, which is called field-funneling 

effect. This funnel effect can improve the charge collection rate as the electric field is extended 

into the substrate. The funnel effect is also related to the substrate doping density. This charge 

collection is caused by the electric field and is the result of the drift of the carriers. As a result, 

we can call it prompt charge collection. Another type of charge collection dominates when the 

funnel-shape electric field recovers. It is caused by the carrier density gradient, or in other words, 

the diffusion of the carriers. Accordingly, it is defined as diffusion charge collection. Both the 

prompt and diffusion charge collections make up the whole charge diffusion process.  

One significant result of the charge collection is the temporary SEE current as is shown in 

Fig. 2.1. The first half before the peak of the current is in response to the prompt charge 

collection. It is usually in the order of several picoseconds. On the contrary, the other half is for 

the diffusion charge collection. And it is usually slow in the order of several hundreds of 

picosecond depending on the type and energy of the nuclear particle. 

The SEE can cause both hard errors and soft errors. The hard error is irreversible and it 

means the device is damaged or ruined permanently. It includes single-event burnout (SEB) and 

single-event gate rupture (SEGR), which are often observed in power devices. The soft errors are 

the ones can be recovered by a power cycle or system reset. It contains single-event transient,           
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single-event upset, single-event latch-up, and single-event function interrupt. Note that 

single-event latch-up can also cause a permanent damage to ICs in some cases. Our research is 

focused on soft errors, which are presented in details as follows. 

2.1.1 Single-Event Transient (SET) 

One important type of SEEs is Single-Event Transient (SET). It is the interaction between 

nuclear particles and the atoms in the materials (usually silicon) when particles penetrate the 

sensitive nodes of a device, such as the reversed biased p-n junction. This interaction causes 

temporary voltage and current glitches in the circuits. 

SET can be further classified into Digital SET (DSET) and Analog SET (ASET). DSET is 

often observed in digital circuits, such as combinational and sequential logics. It is also common 

in registers or memories, which is closely related to Single-Event Upset introduced on the 

 

 

Figure 2.1 Single-Event Effect (SEE) current. 
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following section. ASET happens in linear ICs, such as phase loop lock (PLL), operational 

amplifier (Op-Amp), comparator, voltage references (VR). The effect of SET on the performance 

or function of the circuit is related to many factors, such as the circuit type, operating 

configuration, temperature, and striking location. As a result, two parameters are selected to 

normalize the different SET sensitivities. 

Pulse duration and pulse amplitude are normally used as criteria to measure SET glitches. 

They are two key parameters to evaluate SET phenomenon. The pulse duration is the time from 

the onset of the SET to the end when the voltage recovers to normal. The SET pulse amplitude is 

the peak voltage or current variation it reaches. In fact, both parameters reflect the charges 

collected by the analog circuit from the nuclear strike. For example, the same amount of charge 

collected can cause different shapes of SET current glitches when hitting on different locations 

on the circuit. However, the integrations of these current glitches over time are the same, which 

is the charge collected. 

2.1.2 Single-Event Upset (SEU) 

Another popular SEE, especially in SRAM circuits, is the Single-Event Upset (SEU). It can 

be defined as the state change of memories (SRAM and DRAM) caused by nuclear particle 

striking on sensitive nodes. This phenomenon was first observed by Timothy C. May and M.H. 

Woods in 1978 [3]. Ever since then, SEU has been an increasingly critical Soft Error (SE) 

source. 

The energetic particles can cause the state changes of one storage cell, known as Single Cell 

Upset (SCU), or Single Bit Upset (SBU). However, as the technology scales down, especially 

when in sub 250 nm nodes, it is more likely that a single strike causes the state changes of 



 

 

14 
 

multiple cells and bits, known as Multiple Cell Upsets (MCU) and Multiple Bit Upsets (MBU) 

[7]. 

One key concept in SEU evaluation is the critical charge, which is defined as the minimum 

amount of charge required for the circuit to generate one SEU according to [8]. The concept of 

critical charge also exists in SET. However, it is not easy to be decided as the values are arbitrary. 

Note that SET is only considered when it is affecting the function or performance of the circuits. 

As a result, a specific criterion should be set when talking about critical charge in SET, for 

example, the SET pulse duration or pulse magnitude. 

 

2.1.3 Single-Event Latch-up (SEL) 

Single-event latch-up (SEL) can drive the transistors in the circuit into an erroneous 

high-current state, which eventually short the circuit and fail its functionality. In modern CMOS 

technologies, there are many parasitic bipolar transistors, such as NPN or PNP. One type of 

parasitic structure is the PNPN. This structure is similar to a thyristor or silicon-controlled 

rectifier (SCR). In fact, an energetic particle strikes on the sensitive nodes can switch on this 

SCR, which makes SEL an important SEE phenomenon. However, the SEL can be recovered by 

applying a power reset. 

2.1.4 Single-Event Function Interrupt (SEFI) 

According to JEDEC89a, the definition of SEFI is a soft error that causes the component to 

reset, lock-up, or otherwise malfunction in a detectable way, but does not require power cycling 

of the device (off and back on) to restore operability. 
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2.2 SEE Testing Methodology 

Ever since SEE was first observed in 1979 [5], various SEE evaluation methods have been 

developed to study this phenomenon. Generally speaking, there are two categories of testing 

methods, namely particle-based testing and optics-based testing. Particle testing uses alpha, 

neutron, proton, and heavy ion (HI) particles while the optical one contains pulsed laser and 

X-ray. The mechanisms of these will be elaborated in the following sections. 

The evaluation of SEE is usually measured by means of cross section curve. Cross section is 

defined as the likelihood of the energetic particle interacting with the atoms of material. In other 

words, it is the number of events per unit fluence. It reflects the area of the device sensitive to 

SEE. The LET stands for Linear Energy Transfer, which is a commonly used concept in the SEE 

evaluation. It is the energy transferred by ionizing particle per unit distance. 

2.2.1 Alpha Particle 

As mentioned previously, the first observed evident of SEEs is SEUs in a DRAM caused by 

alpha particles emitted by the nuclear reaction from uranium and thorium in the packaging 

materials [3]. Alpha particle is composed of two neutrons and two protons. In other words, it is a 

Helium nucleus with charge. Even though the energy of alpha particle differs a lot, it is usually 

between 3 MeV to 7 MeV. 

Even though packaging materials have been improved in modern IC industry so that the 

chip is unlikely to be affected by alpha particles, it is still an excellent method to study SEE. The 

commonly used alpha particle irradiation source is Americium 241 (AM-241). When AM-241 

decays to Neptunium 237, it emits alpha particles with energy of 5.4 MeV.  
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2.2.2 Neutron 

Neutron has no net electronic charge. As a result, it is hard to stop. The SEEs in terrestrial 

applications are almost all caused by neutrons. These neutrons are generated by the nuclear 

interaction between the oxygen and nitrogen in the atmosphere and cosmic particles with enough 

energy to penetrate the atmosphere [9]. The flux in terrestrial environment features a spectrum in 

reverse proportion to the particle energy.  

Two famous neutron irradiation facilities all around the world are TRIUMF Neutron 

Facility (TNF) at TRIUMF lab in Vancouver, Canada and Atmospheric-like Neutrons from thIck 

TArget (ANITA) at Svedberg Laboratory (TSL) in Uppsala, Sweden. TNF can provide energy up 

to 400 MeV while ANITA can generate a neutron beam similar to that of the atmosphere 

spectrum. 

2.2.3 Proton 

Proton is a very important subatomic particle. For example, in low and medium earth orbits, 

93% of the trapped particles are protons [10]. 

There are two mechanisms for proton-induced SEE, namely direct and indirect. When the 

proton energy is high, for example higher than 60 MeV, the LET for proton in silicon is relatively 

low. As a result, it is likely to trigger SEEs indirectly by collision with material atoms and the 

generation of secondary particles. On the contrary, when the proton energy is relatively low and 

the LET in silicon is higher, the proton tends to cause SEEs by directly ionizing the material and 

depositing extra charges. Obviously, the cross section in the indirect case is much smaller as it is 

dominated by the nuclear reaction rate of proton collisions. Both types of protons induced SEE 

plays critical roles of determining soft error rate (SER) in devices. 
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One commonly used proton facility in the world is Proton Irradiation Facility (PIF) at 

TRIUMF lab in Vancouver, Canada [11].  

2.2.4 Heavy Ion 

Heavy ion is the nucleus of heavy element. Generally speaking, all the ions heavier than 

proton can be considered as heavy ions. The LETs of the heavy ions are related to both the ion 

types and the ion energies. The LET needs to be carefully selected while performing a SEE 

testing so that a reasonable error count can be triggered and the device will not be ruined. 

Even though there are no heavy ions in the terrestrial environment, they are everywhere in 

the space. As a result, heavy ions are very significant tools to study the SEE. Basically, two types 

of heavy ion accelerators are widely used, namely the cocktail cyclotron, such as the 88-Inch 

cyclotron at Lawrence Berkeley national laboratory in the United States and the tandem 

accelerator, such as the HI-13 tandem electrostatic Van de Graaff accelerator at the Institute of 

Atomic Energy (CIAE) in Beijing, China [12].  

2.2.5 Pulsed Laser Technique 

Laser is initially an acronym for "light amplification by stimulated emission of radiation". It 

was first reported in 1960 as ruby laser. Three factors are required to generate laser, which are 

gain medium, resonator or optical cavity, and pumping mechanisms. When the light from the 

light source goes into the resonator, it will be amplified by the gain medium in it. In order for the 

gain medium to amplify the light, it first needs to be pumped by a pumping mechanism such as 

electric field so that its electrons can be in the stimulated states. There is a pair of mirrors on both 

ends of the optical cavity and the light inside the cavity will be amplified by bouncing back and 

forth in between. Only a specific wavelength related to the distance of the cavity will be 
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amplified. As one of the mirrors is half transparent, the light will goes out at some point in the 

form of laser. The out coming laser can have different spot sizes based on different 

configurations of the mirrors [13].  

Lasers can be divided into different categories according to different criteria. From the 

perspective of gain medium types, there are gas laser, liquid laser and solid laser. In terms of 

pumping methods, there are optical, electrical and chemical lasers. From the time interval point 

of view, there are continues laser and pulsed laser. 

Pulsed laser technique has been widely used in Nuclear & Plasma Sciences Society (NPSS) 

as a complementary tool for SEE investigations ever since 1990s [14-15]. One reason for this is 

that it possesses a lot of advantages in terms of SEE testing. As other types of lasers, the pulsed 

laser has excellent spatial and temporal coherence. These features provide excellent benefits in 

SEE testing. The first benefit is the well-controlled irradiation location. As we know, the location 

of the laser beam size is precisely controlled with a resolution in micrometer level. This makes it 

much easier to study the different SEE sensitivities inside the devices. The second one is the 

well-controlled timing. Similar to the well-controlled location, the irradiation time of the laser is 

also easy to control. In this case, we can control the time interval between each laser pulse. It can 

also be synced with external frequency generator to acquire a wider range of frequency selection. 

The third one is the well-controlled energy. The laser energy per pulse can be easily controlled, 

for example, using optical attenuators. In this way, we can gradually modify the laser energy to 

reduce the risk of ruining the devices. The fourth one is the better accessibility and affordability. 

The cost of laser facility is much lower compared with accelerators, which makes it much more 

affordable. As a result, it is easier to get access to laser facilities. There are also other advantages 

that make pulsed laser a useful alternative tool for SEE study.   
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Even through the charge generation mechanism in silicon by a laser is quite different from 

that of particles, the charge generated can be absorbed by circuit nodes, which is very similar to 

heavy ions. According to optical absorption mechanisms, if the photon energy is larger than the 

bandgap of the material, it can be absorbed and material will be ionized. This so-called Single 

Photon Absorption (SPA) finds a lot of application in SEE field [16-18]. For a generic SPA 

testing, the laser is applied from the top or front side of the die. It is focused on the region of 

interest. After that, the energy will be increase until SEE is observed. This SPA front side 

irradiation facilitates the SEE study significantly. However, as the IC technology advances, the 

number of metal layers are increasing, which will stop the laser from accessing the devices in the 

circuits. In this case, SPA front side irradiation meets its bottleneck due to the multiple layers of 

metal filling on top of the die. SPA back side irradiation comes out under this context. The only 

different is that it is applied from the back side of the die, namely the substrate. This can be 

realized in two ways. One is to use a relatively long wavelength laser, such as 1064 nm [19, 20], 

which has a much smaller absorption coefficient. And hence it can penetrate the thick substrate 

to hit on the actual transistors on the die. The other way is to use a medium wavelength, such as 

800 nm [21], but the substrate is thinned to around 100 nm and below before the testing.  

The aforementioned photon mechanism only absorbs one photon at a time. Even though 

SPA back side irradiation solves the problem in some sense, the dramatic energy loss while 

traversing the thick substrate degrades its practical value. Also, the cost and time to thin the 

substrate aggravates its limitation. As a result, researchers begin to seek for better application of 

pulsed laser technique. In 2002, the Two Photon Absorption (TPA) laser was proposed to be 

applied in SEE studies [22]. This methodology takes advantage of the second order nonlinear 

optical absorption of laser in materials. In other words, when the laser intensity is extreme high, 
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two photons can be absorbed simultaneously at the focusing point. Based on this principle, the 

long wavelength laser with photon energy lower than the bandgap energy of materials, such as 

silicon, can be adopted to perform the SEE testing. In other words, when the laser is applied from 

the back side (substrate) of the die, it will traverse the substrate with little absorption as its 

photon energy is too low to ionize the silicon. However, at its focusing point, where the laser is 

focused and its density is high, two photons are absorbed at the same time to generate one pair of 

electron and hole. The generated charge will be collected by the nodes in the circuits for SEE 

studies. As time goes by, the increasing metal layers on the chip covers the transistors throughout, 

which block the laser coming from the front side of the chip. Also, modern IC chips tend to use 

the flip chip package, which only exposes the substrate to the top. As a result, TPA is becoming 

more and more popular in SEE testing.  

2.2.6 Pulsed X-ray Technique 

As a complementary optical tool to simulate radiation environment, X-ray has always been 

playing its critical role in TID testing as a radiation source. However, recently, researchers have 

reported the potential application of pulsed X-ray in SEE testing [23]. X-ray is usually generated 

from the electromagnetic radiation of electrons transfer from higher energy levels to lower ones. 

Two obvious benefits of pulsed X-ray compared with its laser counterpart is the smaller 

resolution and the metal penetration ability. Theoretically, the resolution for X-ray can go to 

sub-micro level thanks to its much shorter wavelength. This feature is very attractive in the SEE 

testing of advanced IC technologies. To add to its advantage, the much higher photon energy 

makes it relatively transparent to metal interconnections on top of the chip. This makes the front 

side irradiation feasible even when metal layers are on the way, which facilitates the testing. 
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However, some potential side effects are to be dealt with, such as low absorption coefficient and 

TID effect on the testing results.  

2.3 Summary 

In this chapter, the basic principles and concepts about single-event effects, such as single 

event transient, single event upset, and single event latch-up, are described. Some fundamental 

concepts, for example linear energy transfer (LET), are also explained. This knowledge is the 

basics to understand the research in this field. 

The theories behind the various SEE testing technologies are also introduced and elaborated 

in this chapter. Both the particle-based and the optical-based methods are explained. To be 

specific, alpha particle, neutron, proton, heavy ion, pulsed laser and X-ray are introduced from 

the perspective of SEE testing. This knowledge will provide basic understandings for the 

experiment processes presented in this thesis.  
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In the previous chapter, the mechanisms of two main radiation effects in electronic devices, 

namely the SEE and TID, are introduced. As the IC technology advances, the TID effect is 

becoming less and less significant due to the even thinner gate oxide (around several 

nanometers). On the other hand, SEE has become a more significant problem in the field of 

radiation effect studies due to the reduced feature size of transistors. The different types of SEEs, 

including SET, SEU, and SEB, are further discussed. The general SEE evaluation methodologies, 

such as alpha particle, neutron, proton, heavy ion, pulsed laser and X-ray, are also presented and 

compared in chapter 2. The advantages and disadvantages for each method are analyzed. The fast 

development of SEE testing technology also accelerates the pace of SEE study, which in return, 

requires more accurate and convenient testing techniques. 

In this manuscript, a commercial-off-the-shelf DC/DC PWM chip sensitive to SEEs is 

investigated using a pulsed laser. During pre-qualification neutron testing, a 6-μs glitch was 

observed at the PGOOD pin of the DC/DC PWM chip. The laser testing can trigger exactly the 
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same Single Event Transient (SET). In addition, the most sensitive devices are pinpointed by 

gradually decreasing the laser energy per pulse. The laser testing result indicates that the most 

sensitive devices are nine bipolar transistors inside the bandgap circuit of the chip. This is also 

verified by means of circuit level simulation and 3D-TCAD modeling. The simulation result 

further reveals the cause of the 6-μs glitch, which is a capacitor on the SET propagation path. 

Finally, two mitigation methods based on system level and chip level are proposed to alleviate the 

SET sensitivity of the DC/DC chip. To be specific, from system level, a Low Pass Filter (LPF) can 

be applied to the PGOOD pin of the DC/DC chip so that the 6-μs SET glitch is filtered. The chip 

level solution is to increase the bias currents in the sensitive path, in which way both the amplitude 

and duration of the SET pulse is decreased. It is also verified by circuit level simulations. 

To sum up, a comprehensive study on the SET sensitivity of a COTS DC/DC chip is 

performed using pulsed laser technique. Both the most sensitive devices and its root cause are 

pinpointed. In addition, two solutions are proposed to mitigate the SET sensitivity. The results are 

also verified by circuit level simulations. 
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Single-Event Effects Analysis of a Pulse Width Modulator IC in a DC/DC 

Converter 

Y. Ren, L. Fan, L. Chen, S.-J. Wen, R. Wong, N. W. van Vonno, A. F. Witulski, B. L. Bhuva 

Abstract 

Alpha particles, neutrons and laser-beam test results on an integrated pulse width 

modulation (PWM) controller operating in a DC/DC converter are presented in this paper. The 

PWM is fabricated on a 600-nm Bi-CMOS technology. Single-Event Transient (SET) derived 

from a bandgap circuit was amplified by a filter capacitor in the propagation path. Finally, a 

constant 6-μs SET pulse was observed on PGOOD pin which is a supervisory signal. This glitch 

caused system resets. Pulsed laser technology was adopted to locate the origin of the SET. The 

3D TCAD and circuit simulation tools were used to analyze the root cause. System and circuit 

level hardening approaches to mitigate the SET are also presented. 

Index terms 

Single-Event Transient, Pulse Width Modulator, DC/DC Converter, Laser. 

3.1 Introduction 

    Any complex electronic system requires multiple DC voltages to function. These required 

DC voltages are usually generated by DC/DC switching converters to convert a single DC input 

source to multiple regulated DC output voltages with high power efficiency. These DC/DC 

converters use a supervisory circuit block that outputs a signal to indicate normal operation of 

the converter. The main system controller relies on this signal (usually only on this signal) to 
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monitor the health of the whole system (or to monitor the DC power supply to various parts of 

the system). Upon failure detection on this signal (a transition on this signal), the main system 

controller may determine to shut down or restart the whole system. If false signals are introduced 

by soft errors causing by Single-Event Effect (SEE), the system malfunctions. As a result, it is 

very important to understand the effects of single-events on DC/DC converters and develop 

techniques to harden them against single events. 

    SEE has always been a main source of soft errors in electronic devices. It is the interaction 

between particles and atoms in the material (usually silicon) when particles penetrate the devices. 

To be specific, the energized particle ionizes the material atom and generates electron-hole pairs, 

which are collected by the electric field in the PN junction. This causes current and voltage 

variations in electronic devices. These variations propagate in the circuits and lead to system 

failure. Previously, researchers have reported that each part of the DC/DC converters can exhibit 

unexpected single-event effects (SEEs) [1]-[4]. Soft-start circuits can greatly affect the controller 

response, depending on the PWM configuration [5], [6]. Others have reported SEE sensitive 

areas in the control circuitry using pulsed laser techniques [7]-[9]. Previous studies also reported 

a long duration pulse in a sole bandgap reference circuit in both heavy-ion and laser testing [11], 

which shows the bandgap circuit itself is potentially sensitive to SET. As far as the authors know, 

this is the first paper analyzing comprehensively how the bandgap circuit SET affects a complex 

commercial DC/DC converter in ground application using pulsed laser technique. This paper also 

shows that CMOS process with larger feature size, such as 600 nm, is also vulnerable to SET. 

Capacitors in the SET propagation path are potential threats to the chip function, which designers 

should be able to predict and take into consideration in the initial design. 
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3.2 DC/DC Converter Designs 

    Fig. 3.1 shows the major components of a DC/DC converter circuit based on pulse width 

modulation technique. The circuit contains a Pulse Width Modulation (PWM) block, power 

devices, and passive components. PWM block further contains a PWM circuit, a bandgap 

reference circuit, soft-start circuit, and an error amplifier. PWM block generates the signal that 

controls the duty cycle (designated as D) of the power transistor (or percent of time that power 

transistor is ON). The converter topology determines the relationship between the DC input and 

output voltages. For the commonly used buck converter, the relationship is described by [12]  

                          out inV DV                                  (3.1) 

The soft-start circuit limits the load current, shown as iL in Fig. 3.1 by means of modulating 

 

 

Figure 3.1 Block level circuit diagram for a DC/DC converter. 
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the duty cycle at the start up. PWM block also generates a “Power Good” signal through 

Supervisory circuit (shown in Fig. 3.1) to monitor the health of the DC/DC converter. The 

supervisory circuit monitors all other blocks to generate “Power Good” signal. System-level 

controllers monitor this “Power Good” signal with the assumption that any transitions on it 

represent a faulty operation of DC/DC converter.  

Single-events can affect any one of circuits in PWM [1]-[10], but hits to the PWM often do 

not significantly disturb the output voltage of the converter because perturbations of individual 

duty cycles are filtered by the LC filter on the output of the converter. The output voltage 

responds only to the average duty cycle. Any hits on soft-start will also not have a significant 

impact on overall operation of the circuit. However, a single event strike in the supervisory 

circuit or the bandgap reference circuit is particularly severe because it may send a false signal to 

a system controller that shuts down or resets the entire system the DC/DC converter resides in, 

even though the output voltage of the converter is not affected. The following sections describe 

an investigation of a DC/DC converter chip that has been causing system resets in a terrestrial 

environment. An SET induced 6-µs glitch was observed in both alpha particle and pulsed laser 

experiments. The mechanism was probed by means of 3D TCAD modeling and circuit level 

simulation. 

3.3 Experimental Details 

3.3.1 Device under Test 
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The DC/DC converter under study is a triple regulator that has two independent 

synchronously-rectified buck controllers (OUT1 and OUT2) and a linear controller (OUT3) to 

offer precise regulation of up to three voltage rails. The test circuit is shown in Fig. 3.2. The three 

soft-start pins, namely SS1/EN1, SS2/EN2 and SS3/EN3, are grounded through a capacitor 

respectively. The PGOOD pin is an open-drain pull-down device output connected to VCC, 

which is the high level voltage monitoring almost every circuit in the controller IC. When power 

is first applied to the IC, the PGOOD output is pulled low indicating an initial condition. After all 

 

 

Figure 3.2 Test circuit for the complete DC/DC converter. 
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three soft-start pins complete their ramp-up with no faults (no short detected on switchers), the 

power is considered “GOOD” as indicated by a high PGOOD pin.  

The DC/DC converter IC from a 600-nm Bi-CMOS process was used in the above 

configuration within a Cisco Layer-2 Switch. Switches and routers are the building blocks for all 

business communications, from data to voice and video to wireless access. This Switch was 

introduced in the commercial market in 2007. During normal qualification testing by the 

manufacturer, the whole Layer-2 Switch was exposed to neutron beams. The neutron exposure 

resulted in silent reboot without any error symptoms or error recordings in the data transmission. 

The failure rates observed for neutron exposure were in the 500 FIT range. 

3.3.2 Testing Facilities 

To identify the failure mechanism for this Layer-2 Switch, multiple alpha particle exposures 

were carried out where most I/O signals on the Switch were monitored for failure signature. For 

alpha particles exposure, an Am-241 disc was placed directly over a decapped and depassivated 

DC/DC converter within a Switch as well as on evaluation boards. The energy of the alpha 

particles was 5.48 MeV. The flux and fluence values for the alpha particle exposures were 

estimated as 1x10
4
 cm

-2
 s

-1
 and 3.6x10

7
 cm

-2
, respectively. 

The neutron tests were performed at the Svedberg Laboratory (TSL) in Uppsala, Sweden 

with a neutron energy range of 11-175 MeV. The flux and fluence values for the neutron 

exposures were 2x10
5
 cm

-2
 s

-1
 and 7.2x10

8
 cm

-2
, respectively. 

The laser-induced SEE testing facility used in this work is located at Saskatchewan 

Structural Sciences Centre (SSSC). The basis of the laser scanning system is a Zeiss LSM410 

confocal microscope, which is on a floating optical table to reduce mechanical vibration 
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transferred to the instrument. The Coherent, Inc. Mira laser system is the source of the testing 

laser. It has a tunable Ti:sapphire laser with wavelengths ranging from 700 nm to 1000 nm. The 

Mira system is capable of emitting a continuous wave beam, picosecond and femtosecond pulses, 

with tunable repetition rates from 10 kHz to 75 MHz. The laser beam is focused on the surface of 

the die (spot diameter is 1.6 μm) through the microscope. The working distance of the objective 

lens is 0.61 mm for the 20X type. The translation of the device under test (DUT) was precisely 

controlled by an XYZ motorized stage with a resolution of 0.1 μm. During laser testing, all 

necessary outputs of the DC/DC converter were monitored on a digital oscilloscope. 

The laser experiments consisted of scanning the entire die on a decapped package with 

pulsed laser. In general, the laser experiments were carried out in three steps. First, a fast, whole 

chip, continuous auto-scanning was adopted to locate the relatively sensitive areas. Secondly, a 

slow, localized auto-scanning was used to pinpoint the most sensitive transistors. Finally, a 

manual spot scanning was introduced to determine the sensitivity of nodes in these transistors.  

Two types of laser sets were used, one of which was for imaging while the other for SEE 

generation. HeNe 633 continuous wave laser was selected to image the layout of the chip. As for 

the SEE laser, considering the correlation between wavelength and absorption coefficient [13], 

[14], pulsed lasers of three different wavelengths, namely 800 nm, 920 nm and 990 nm, were 

chosen to perform the experiments in order to guarantee the fidelity and validity. The laser pulse 

energy was varied continuously through the combination of internal polarizers and external 

optical densities to establish a threshold level at any location that was found to exhibit SEE 

sensitivity. In the experiments, the laser pulse width was set at 1 ps and the repetition rate was 10 

kHz. The SEE and HeNe 633 laser were aligned accurately to make sure they irradiated 

concentrically. One photon-absorption front side irradiation technique was employed here, as the 
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DC/DC converter controller was based on a three-metal-layer process with very little metal 

layers on top of the active devices targeted for study. The waveforms from the DUT outputs were 

captured for SEE analysis using digital oscilloscopes triggering on several of the outputs when 

they transgressed the limits of normal operations. The PGOOD signal was used as the indicator 

for SET events. 

3.4 Experiment Results   

During alpha particles and neutron beam exposures, the Switch repeatedly went through the 

restart process.  After checking for all possible scenarios that can cause a restart, it was 

determined that the main cause of the restart was the PGOOD signal from DC/DC converter IC.  

This was verified by checking PGOOD signal during testing. SET pulses as long as 6 μs were 

recorded for both neutron and alpha particle exposures. Since these experiments cannot be used 

to identify the sensitive sub-circuits responsible for generating the 6-μs SET pulses, laser-beam 

experiments were carried out. 

For laser experiments, systematical scanning of the whole chip using 800 nm, 920 nm and 

990 nm laser pulses with 10 kHz repetition rate were carried out to identify the most sensitive 

areas. The SET pulses on PGOOD output for these sensitive regions were recorded and shown in 

Fig. 3.3(a). The 6-μs glitch was observed using any of the three wavelengths. Fig. 3.3(b) shows 

the PGOOD signal (the pink waveform) recorded during alpha particle exposures. Both the 

exposures show similar pulse width for PGOOD output.  
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Once the most sensitive areas on the IC were identified, more experiments were carried out 

to identify the laser-energy threshold for all of the sensitive areas. The most sensitive sub-circuit 

 

 

(a) 

 

(b) 

Figure 3.3 (a).  The 6-μs PGOOD transient observed during pulsed laser testing; (b).   

The 6-μs transient waveforms observed during alpha particle testing. The two waveforms 

show consistent signatures. 
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on the IC was the bandgap reference circuit. A bipolar transistor pair in it is even more sensitive 

than other transistors. The reason was found to be the relatively small quiescent current values 

for the most sensitive nodes. This resulted in low restoring currents, causing long SET pulses. 

The laser energy threshold for a hit on bandgap circuit to generate an SET pulse on PGOOD 

output was 1.2 pJ (800 nm). A die photograph showing the location of bandgap sub-circuit along 

with the threshold laser energy is shown in Fig. 3.4.  

 

Figure 3.4 The chip micrograph and threshold laser energy for SET of BGR. 

 



 

 

36 
 

3.5 3D TCAD Modeling 

3D TCAD modeling was carried out by using Sentaurus TCAD to gain information of the 

current pulse generated by particle striking. As the sensitive transistors in bandgap circuit are 

bipolar configurations, a NPN transistor model was built. The dimension of the NPN transistor 

model is 20 μm×20 μm×20 μm for the technology used in the chip and the model contains about 

200,000 elements. 

In the 3D TCAD SET simulations, the bias currents were properly set according to the 

working condition of the circuit. Three nodes, namely the base, the emitter and the collector, 

were stricken. We found that the collector node exhibited the most pronounced pulse. 
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Figure 3.5 SET current pulse simulation waveform. 
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3D TCAD simulation results are shown in Fig. 3.5. The pulse duration and amplitude are 

about 10 ns and 1.2 mA, respectively. The fast incremental part of the current pulse curve 

contributes to the drift process of the generated carriers while the slow decreasing curve is the 

result of the diffusion caused by non-equilibrium carrier gradient. This SET current pulse is 

further used in the following circuit schematic simulation as a stimulus in critical nodes. 

3.6 Circuit Simulation and Analysis 

3.6.1 Bandgap Circuit Simulation 

Transistor-level circuit simulation was performed to investigate the SET origin and 

propagation. We employed a double exponential current stimulus [15] to characterize the effect 

of SET in critical nodes. Simulation results demonstrated that the output variation of the bandgap 

reference circuit is the origin of the 6-μs glitch. The SET pulses on the internal nodes of the 

bandgap reference circuit propagated to the power-on reset (POR) and soft start circuits 

sequentially, which eventually triggered the erroneous pulses on the PGOOD output, interrupting 

 

 

Figure 3.6 SET propagation path. 
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the DC/DC converter operation (Fig. 3.6).  The bandgap offers a voltage reference to POR. The 

POR generates an enable signal to soft-start circuit. Since the bandgap is internally sensitive due 

to small quiescent current in critical path, it is much easier to trigger voltage variation on 

bandgap. As a result, other related circuits, such as POR and soft-start, are less sensitive than 

bandgap. The circuit simulation result (Fig. 3.7.) is consistent with those of particles and laser 

experiments. 

 

 

 

Figure 3.7 Schematic simulation for the 6 μs glitch on PGOOD. 
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3.6.2 Root Cause for 6-μs Glitch 

From the circuit schematic (Fig. 3.8), we can see that the root cause for the constant 6-μs 

glitch is a filter capacitor in the SET propagation path. Normally, M1 is off and node A is high. 

Node B is low and OUT is high. When SET in bandgap circuit propagates to IN, node A drops 

low first and then is charged by M0 to its normal potential. Theoretically, the charging current is 

1.25 μA, the capacitance of C0 is 1.5 pF and the delta voltage of node A is 5 V. As a result, the 

charging time for the slope of node A is 6 μs. The slope is reformed by the subsequent inverters. 

Finally, a constant 6-μs glitch is observed on PGOOD. 

 

 

Figure 3.8 Root cause for 6-μs glitch. 
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3.7 Hardening Approaches 

Since the DC/DC converter circuit was already in use in routers and Switches, two separate 

hardening approaches were developed for the IC. The first approach is an external hardening 

method, where a simple low-pass filter (LPF) composed of a resistor and a capacitor was added 

to the board and connected directly to the PGOOD output. The filter eliminated the 6-µs transient 

pulses on the PGOOD. It worked well since the pulse widths on PGOOD induced by real failure 

modes are much longer than 6 µs. This method was verified with the testing boards using the 

 

 

 

Figure 3.9 Schematic simulation for hardened BGR. 
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same neutron and alpha test setups and the 6-µs pulses were not observed as before under 

identical test conditions. Routers and Switches were tested with neutron and alpha particle 

exposures after the addition of this LPF to verify the effectiveness of this approach. No SET 

pulses were observed on LPF output during these experiments. This solution has been used in the 

routers and Switches and passed the qualification tests.  

Another approach is to modify the internal circuits of the DC/DC converter IC to improve 

the SET tolerance of sub-circuits. The quiescent and restoring currents drive for the most 

sensitive nodes in the bandgap reference circuit were increased. Specifically, the quiescent 

current mirror for the bandgap reference is increased from 100 µA to 1 mA. This current mirror 

provides bias current to the bandgap circuit. After this increase, the voltage perturbation for the 

bandgap reference voltage was reduced from 1 V to 0.5 V in magnitude and 3.95 μs to 2.05 μs in 

duration. This small change was sufficient to remove the 6-μs SET pulse from the PGOOD 

output as shown in Fig. 3.9. This mitigation technique will increase the power consumption for 

these sub-circuits. However, the total current for the IC is about 60 mA. The additional current 

introduced to stabilize the bandgap reference is less than 1 mA, which is less than 2% of the total 

power consumption of the IC. Since this DC/DC converter IC was not designed for low-power 

portable applications, the overall increase in the power consumption for the IC is not significant. 

3.8 Conclusion 

Single-event transient effects on a DC/DC converter by itself and within a Switch were 

studied with alpha particle, neutron and laser-beam irradiations. The results were analyzed by 3D 

TCAD modeling and circuit simulation. Test results clearly showed that the SET pulses on the 

internal reference voltage (bandgap) circuit can interfere with the protection circuits and generate 
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transients on the PGOOD status signal. Since this is the signal used by all monitoring circuits, an 

error on this output resulted in severe service disruptions for Switch applications. The results 

also indicated that SET also poses a potential threat to integrated circuits in process with larger 

feature size, such as 600-nm technology if the SEE is not properly predicted in the design. The 

quiescent and bias currents in some critical paths of an analog system should be carefully 

considered in circuit designing. As DC/DC converters are used in most complex electronics 

systems today, careful monitoring and testing of these parts are necessary to ensure error-free 

operation at the system-level. This paper identifies the most sensitive parts that may disrupt 

system operation. Hardening approaches to address this problem are also developed to mitigate 

this threat. This will allow designer to understand the SET vulnerability of analog/mix signal 

system and design it in a more reliable way. 
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4. THE EFFECT OF TEMPERATURE-INDUCED QUIESCENT 

OPERATING POINT SHIFT ON SINGLE-EVENT TRANSIENT 

SENSITIVITY IN ANALOG/MIXED-SIGNAL CIRCUITS 
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In the previous chapter, a commercial-off-the-shelf (COTS) DC/DC PWM converter chip 

sensitive to SET are studied using pulsed laser technique. The root cause for this sensitivity is 

pinpointed. However, all the evaluation and analysis are performed in a fixed temperature, namely 

the room temperature. As is known, the temperature is a key parameter to affect both the laser 

absorption in materials and the performance of the electronic devices. As a result, it is both 

significant and necessary to study the aforementioned DC/DC PWM chip with changed 

temperatures using the pulsed laser technique.   

In this manuscript, the temperature is varied while testing the DC/DC PWM chip with the 

pulsed laser. The effect of temperature induced quiescent operating point shift on single event 

transient sensitivity in analog/mix signal circuits is discussed. Some basic analog circuits inside 

the DC/DC chip are selected to explain the effects. These circuits include comparator, current 

mirror and bandgap monitor. The wavelength of the laser is properly selected so that the absorption 

coefficient of laser in the material is relatively constant despite the temperature variations. 
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Different SET sensitivity trends are observed for different devices. In other words, with changed 

temperature, the SET sensitivity for some device can stay relatively constant while that for others 

see an increase. These are decided by the temperature induced quiescent bias point shift. The 

experiment results also indicate that devices of symmetric position in the circuit, such as the 

differential transistor pair, have the same SET sensitivity trend. This can be explained by their 

similar quiescent bias point. Circuit-level simulation is also used to analyze this sensitivity change 

by changing the temperature. It fits well with the experimental data.  
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The Effect of Temperature-Induced Quiescent Operating Point Shift on 

Single-Event Transient Sensitivity in Analog/Mixed-Signal Circuits 

Y. Ren, and L. Chen 

Abstract 

This paper discusses the different sensitivities of laser-induced single-event transients (SET) 

with changed temperature (from 300 K to 348 K) for an analog/mixed-signal DC/DC PWM 

controller IC. Basic analog circuits, such as the amplifier, the comparator, and the current mirror, 

are selected to perform the experiment. The SET energies for some devices decrease while those 

for others remain constant. The SPICE simulation implies that the temperature-induced quiescent 

operating point shift can dramatically affect the SET sensitivity, especially in a complex 

analog/mixed-signal system. This effect also gives insights on radiation hardened design and 

testing in analog/mixed-signal circuits. 

Index terms 

Single-event transients (SETs), temperature effects, lasers, quiescent operating point shift, 

bipolar transistors, bandgap reference, comparator, analog/mixed-signal circuits, radiation 

hardened by design. 
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4.1 Introduction 

Single-event effects (SEEs) have always been a main source of soft errors in electronic 

devices [1-2]. It is caused by a single energetic particle traversing the sensitive regions of a 

device. In this case, the particle deposits sufficient charges and ionizes the material. The 

generated electron-hole pairs will be collected by the electric field in the p-n junction, which 

causes a voltage or current transient. The transient can propagate through the circuitry and hinder 

the system function, or even lead to system failures. In a well-designed IC, soft errors induced by 

SEEs have been the most troublesome issue both in terrestrial and high altitude or space 

environment. As a result, it is both necessary and significant to study the effects in the ICs.    

As one of the most important factors that affect the SEE response of ICs, the temperature 

has always been a concern for researchers and engineers working in this area. As is widely 

known, the temperature dramatically affects the parameters of semiconductor devices [3]. For 

example, the bipolar transistor current gain (β) is enhanced at an increased temperature. As a 

result, the performance of the IC changes dramatically with respect to temperature variations, 

which can give rise to distinct SEE responses. Previously, researchers have investigated the 

temperature dependence of SEE responses on epi-layer junctions [4-5], inverters [6], SRAMs [7], 

operational amplifiers and voltage comparators [8], or specific technologies [9-14]. However, 

these works mainly explained the different SET sensitivity in terms of temperature induced 

current gain variations of the transistors. 

In this paper, the effect of temperature-induced quiescent operating point shift on SET 

sensitivity is discussed. For a transistor to work properly, it requires to be biased by a DC voltage 

or current. The steady-state voltage or current at a specified terminal of the transistor is called 

quiescent operating point. Quiescent operating point shift affects the SET sensitivity. For 
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example, the transistors can become harder or easier to cutoff. This study is based on an 

analog/mixed-signal DC/DC PWM controller IC, which was found to be sensitive to SET in our 

previous investigation [15]. The data for the DC/DC PWM controller presented here are acquired 

using pulsed-laser beams. The temperatures are ranged from 300 K to 348 K considering the 

operation temperature limitation (350 K) for the PWM controller. The comprehensive irradiation 

experiments for this chip in room temperature were previously performed [15-17], which gives 

us advantages and insights for this temperature effects study. The experiment results and 

simulations imply that the temperature-induced quiescent-point shift in analog/mixed-signal 

circuits plays a key role in the SET sensitivity of the IC. 

 

 

 

Figure 4.1 Waveform for 6-µs glitch. 
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4.2 Experimental Details 

4.2.1 Device under Test 

The DC/DC PWM chip under test is within an internet switch which went through silent 

reset spontaneously. Our study showed that the chip is sensitive to SET and generates 6-µs 

negative glitches at its Power Good pin (PGOOD). The image of the 6-µs glitch is shown in Fig. 

 

 

 

Figure 4.2 Schematic for the DC/DC PWM Controller. 
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4.1. The switch system reboots once it detects this 6-µs glitch. The schematic for the DC/DC 

PWM IC is shown in Fig. 4.2. Our previous study indicates that the sensitive areas are related to 

the Reference and the Power-On Reset (POR) circuits, which are highlighted in red in Fig. 4.2 

[15]. The symbolic connection of related sensitive circuits in the Reference and POR circuits are 

shown in Fig. 4.3. When the initial SET amplitude is small, it won’t propagate to the PGOOD 

pin. However, when it is big enough to cut off a specific NMOS transistor on its propagation 

path, it will propagate to the PGOOD pin and generate a 6-µs glitch. The 6-µs time constant is 

decided by a filter capacitor on the propagation path. This phenomenon makes the chip an 

excellent vehicle to investigate the temperature effect on SET from a circuit level where PGOOD 

 

 

 

Figure 4.3 Symbolic connection of sensitive circuits. 
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is monitored for the 6-μs glitch as a criterion. The minimum energy to trigger this 6-μs glitch is 

defined as the SET threshold energy. This is different from normal SET testing where the SET 

threshold energy cannot be specified. However, it proves to be effective and convenient in our 

case. 

The simplified schematics for each block in Fig. 4.3 are shown in Fig. 4.4. The Buffer, 

which is an amplifier operating in unity gain configuration, regulates the bandgap reference 

voltage so that it is stabilized. The Comparator is supervising the system power supply voltage 

by outputting ‘1’ when the initial system power-on is ready. The Bandgap Monitor circuit is a 

current mirror to supervise the bandgap circuit status by outputting ‘1’ at BGOK when its input 

(1P35) is 1.35 V. The outputs of the Comparator and Bandgap Monitor generate a POR signal 

through an AND gate. Those circuits are basic analog modules that are commonly used in 

analog/mixed-signal circuits. The selected PNP bipolar transistors have the same size. A resistor 

was also selected to better explain the quiescent operating point shift effect. 

4.2.2 Temperature Change and Measurement 

A flexible heater is used to change the temperature of the chip. It is with pressure sensitive 

adhesive (PSA). The maximum operating temperature is 393 K and the rating voltage is 28 V. 

The watt density is 10 W/in
2
. A multimeter with a K type thermocouple, which is capable of 

probing temperature, is used. The temperature range of the heater is from 73 K to 1623 K with a 

resolution of 0.1 K. 

As the chip is decapped on the top, the heater is adhered to the chip from the backside of 

PCB. To be specific, it is adhered to the backside of the PCB with thermally conductive grease to 

guarantee high thermal conductivity. The temperature is controlled by changing the input voltage 
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of the heater. According to the specification, the DC/DC PWM controller has a maximum 

operating temperature of 75℃. As a result, the temperature should be lower than this to 

guarantee the functionality of the chip and the fidelity of the experiment results. As the die of the 

chip is delicate, the temperature from the pins of the package is sampled. Although errors might 

be introduced in this way, the accuracy is enough as the main purpose is to compare the tendency 

of the temperature dependence rather than to have an accurate modeling. 

4.2.3 Laser Facility 

The laser facility used in this work is located at the Saskatchewan Structural Sciences 

Centre (SSSC) in University of Saskatchewan. The basis of the laser scanning system is a Zeiss 

LSM410 confocal microscope which is located on a floating optical table to reduce mechanical 

vibration transfer to the instrument. The laser system is a Mira 900-D pumped by a Verdi V-10 

(made by Coherent). It has a tunable Ti:Sapphire laser with wavelengths ranging from 700 nm to 

 

 

 

Figure 4.4 Analog circuits under test. 
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1000 nm. The laser system is capable of emitting a continuous wave beam or picosecond and 

femtosecond pulses. It has a Pulse Picker 9200 which is a stand-alone accessory for the laser 

system to change the pulse repetition rate. In our case, it gives a repetition rate selection from 10 

kHz to 75 MHz.  

Note that the laser absorption in silicon material has different temperature coefficients with 

respective to the wavelength. The laser has higher temperature coefficient when its photon 

energy is near silicon band gap, which means a laser with shorter wavelength has a relatively 

constant absorption coefficient [18]. On the other hand, the laser with longer wavelength has a 

bigger penetration depth. As a result, 920 nm laser is adapted in our testing. Its absorption 

coefficient is around 150 cm
-1

 with a change less than 10% from 300 K to 348 K. This variation 

is acceptable for our testing. 

For the experiment, the DUT is fastened on the testing plate using screws with electrical 

insulating properties. The laser beam is focused on the surface of the die through a microscope 

objective. The laser spot size diameter and pulse duration are 1.6 μm and 130 fs, respectively. Its 

resolution is good enough for our testing as the process feature size is large. For example, the 

area of each PNP transistor under test is 16 μm by 20 μm. 

4.3 Experimental Results 

    Four bipolar transistors with the same size (16 μm by 20 μm) and one resistor were tested 

and analyzed in the experiment. For each device at a specific temperature, laser energy is 

increased until 6-μs glitch is captured at PGOOD pin. Since the 6-μs glitch at PGOOD is caused 

by the internal SET in the DC/DC PWM chip (6-μs is the charging time for a capacitor on the 

SET propagation path as we mentioned before), it is taken as a criterion of the effective SET for 
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the DC/DC PWM IC. Once it is observed, the laser energy will not be further increased. And this 

energy is recorded as the SET threshold energy for the device under this temperature. In this way, 

we can record the SET sensitivity of each device. The data for five temperature points are 

showed in Table 4.1 and plotted in Fig. 4.5. We can see that the temperature dependence of the 

SET threshold energy is different between these devices in that it remains relatively constant for 

Q0 while decreases for Q1, Q2, Q3 and R0. However, SET thresholds for Q1 and Q2 show very 

consistent temperature dependence. The SET threshold energy for R0 sees the biggest variation, 

which is about -39% between 300 K and 348 K. All the devices except R0 are PNP bipolar 

transistors with the same size. In this way, the only differences between them are the quiescent 

operating point and the circuit structure they reside in.  

 

Table 4.1 Experiment Data 
 

Device 

SET Threshold Laser Energy (pJ) 

298K 303K 313K 328K 348K delta 

Q0 42.8 42.8 42.8 42.8 42.8 0 

Q1 29.2 28.1 24.5 22.9 22.1 -24% 

Q2 21.2 19.4 16.7 15.4 14.7 -30% 

Q3 45 42.8 41 36.3 34.6 -23% 

R0 34.6 30.7 23.6 22.2 21.2 -39% 
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    The Spice simulation is used to verify and explain the experiment results. To mimic the SET, 

double exponential current pulse is used as the stimulus. In this temperature study, the current 

gains, the quiescent operating point shifts of the sensitive devices tested above (including base, 

emitter, collector voltages and quiescent currents) are simulated and compared under different 

temperatures. 

4.4 Discussions 

4.4.1 Comparator 
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Figure 4.5 Temperature dependence of SET thresholds. 
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From Table 4.1 we can see that the input stage Q0 of the comparator has relatively constant 

threshold energy (42.8 pJ) over the whole temperature range. Previously, researchers have 

reported increased SET threshold energy due to shrinking SET pulse at increased temperature for 

the input stage of the LM139 voltage comparator [8]. The paper indicated that enhanced current 

gains of transistors prevented the switching of the comparator. However, it was a testing for an 

independent bipolar comparator IC while our testing set the BiCMOS-based comparator in an 

analog/mixed-signal circuit context. In other words, a current gain enhancement of 29% for Q0 

was observed from the simulation as is shown in Fig. 4.6, which was consistent with [8]. On the 

other hand, the quiescent collector current IC decreased because the temperature-induced 

quiescent operating point shift decreased the base current IB according to the simulation (Fig. 

4.7). As a result, the SET threshold energy of the comparator input stage Q0 in our testing 

remained relatively constant with increased temperature. 
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Figure 4.6 Temperature dependence of the current gain for Q0. 
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The SET on Q0 propagates through the CMOS current mirror (M0 and M1). The 

temperature simulation also showed that the quiescent operating voltage on node A decreased 

with temperature as well as the threshold voltage of M0. This makes the overdrive voltage of M0 

a relative constant over the temperature range. In this case, the voltage variation to switch the 

state remains the same level. This also makes the SET threshold energy relatively constant for 

Q0. 

4.4.2 Buffer 

Table 4.1 shows that, for the same temperature, Q2 is more sensitive compared with Q1. 

This can be explained by the configuration of the Buffer amplifier. It makes the output feedback 

to the base of Q2. On the other hand, the base of Q1 is always connected to the output of 

bandgap reference which is stable. From the data, we also see the same trend for Q1 and Q2 (the 
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Figure 4.7 Temperature dependence of the bias currents for Q0. 
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red and blue curve in Fig. 4.5) with respect to the increasing temperature. This is because they 

are in the similar positions in the circuit, which give them identical quiescent operating points. 

The SPICE simulation shows that they have the same bias voltage and current at each 

temperature. 

The temperature response of the resistor R is another example to explain the effect of 

quiescent operating point variation on SET sensitivity. The only concern related to temperature 

for R is the resistance variation [19]. In fact, our simulation indicated an increase of 3% (40 

Kohm to 41.4 Kohm) from 298K to 348 K. As a result, this effect can be neglected in our 

analysis. The fast SET pulsed on R can be coupled to the output of the buffer by the Miller 

compensation capacitor. The simulation shows that the quiescent operating point of R on node B 

decreased from 854 mV to 788 mV with an increased temperature (red curve in Fig. 4.8). This 
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Figure 4.8 Temperature dependence of voltages at node B and C. 
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decrease in quiescent operating point makes it easier to pull down the Buffer output. This 

explains the SET threshold energy decrease for R in Table 4.1. 

4.4.3 Bandgap Monitor 

The SET threshold energy decrease of Q3 at increased temperature can also be explained by 

the quiescent operating point shift. In normal operation, M2 is on and the output is high. The 

simulation showed that the DC voltage at node C shifted from 728 mV to 850 mV (17%) with 

the increased temperature (black curve in Fig. 4.8). As a result, it is easier for a SET pulse on Q3 

to pull down the output of this Monitor circuit. 

4.4 Conclusions 

In this chapter, the effects of temperature on laser-induced SET sensitivities of an 

analog/mixed-signal DC/DC PWM controller are analyzed. Basic analog circuits, such as 

comparator, amplifier and current mirror, are selected for the investigation. The results see a 

maximum decrease of about 39% in the SET threshold laser energy with an increasing 

temperature from 298 K to 348 K. The simulations imply that the temperature-induced quiescent 

operating point shift is a critical factor affecting the SET sensitivity of the circuits. Also, 

symmetric devices with the same quiescent operating point, for example, the input transistor pair 

in an amplifier (Q1 and Q2 in our case), have the same trend with changed temperature effects in 

terms of the SET sensitivity, even though they may have different SET sensitivities at the same 

temperature.  

The effects of quiescent operating point on the SET sensitivity of analog/mixed-signal 

circuits also facilitate the process of radiation hardened design and testing for different 

temperatures. Previously, researchers and engineers tend to analysis the SET temperature effects 
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only from the perspective of current gain (β) change. This is feasible for single devices or simple 

circuits where quiescent operating point shift is less effective. However, it is harder for complex 

analog/mixed signal circuits as the sensitivity variation at a node is a total effect of current gain 

change and quiescent operating point shift of the related transistors in the circuit. In this case, it 

is better to analysis also the quiescent operating point shift of the node, which can be easily 

simulated. As a result, more efforts should be taken to minimize the quiescent operating point 

shift in the circuit so that the SET sensitivity remains relatively constant and predictable with 

changed temperatures.  

As the Soft-error rate (SER) is highly related to the SET sensitivity of the circuits, this 

effect of temperature-induced quiescent operating point shift is also supposed to affect the SER 

of analog/mixed-signal circuits. The tendency of the SER variation can be predicted from circuit 

simulations in terms of temperature. To be more specific, the decreased sensitivity implies 

reduced SER and vice versa. As a result, a qualitative expectation on SER variation can be 

acquired by analyzing the quiescent operating point shift in analog/mixed-signal circuits. 

However, more work need to be done to correlate the SER variation to temperatures. These will 

be performed in the future. 
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5. SET SENSITIVITY DEPENDENCY OF A DC/DC PWM ON LASER 

REPETITON RATE AND WAVELENGTH 
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Y. Ren, and L. Chen, “SET Sensitivity Dependency of a DC/DC PWM on Laser Repetition 

Rate and Wavelength,” Springer Journal of Electronic Testing: Theory and Applications, 2014. 

 

In the previous chapters, a commercial-off-the-shelf DC/DC PWM converter chip sensitive to 

SET are tested comprehensively using pulsed laser technique. The temperature effect on its 

sensitivity is studied as well. The root cause for this sensitivity is pinpointed. However, all the 

evaluation and analysis are performed in fixed repetition rate, which is 10 KHz. The pulsed laser 

repetition rate decides the temporal interval between each laser pulse. According to the previous 

study, the repetition rate of the pulsed laser can affect the experiment results significantly. Also, the 

laser wavelength is another key factor to decide the performance of the SET testing. As a result, 

attention should be paid to these factors in laser SET experiments.   

In this manuscript, multiple repetition rates and wavelengths are used to evaluate the SET 

responses of the DC/DC PWM chip. As expected, different phenomena are observed as the 

combination of repetition rate and wavelength changes. These phenomena are compared with 

previous particle testing results, which indicates that the combination of laser repetition rate and 

wavelength affect not only the SET shape but also the threshold laser energy per pulse. The 

reasons are discussed in terms of the circuit structures. A charge accumulation process related to 

circuit structure is determined to be the main reason. In other words, different wavelengths have 
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different abilities in terms of generating charges in silicon. Also, a higher repetition rate is 

accumulating more charges in a specific period. If the circuit structure is not dissipating the charge 

sufficiently for the specific wavelength and repetition rate combination, the charge accumulation 

process will affect the laser testing validity. Based on this finding, the wavelength and repletion 

rate should be properly selected taking the circuit structure into consideration. A low repetition rate 

is always a preference for all sorts of SEE tests.  
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The SET Sensitivity Dependence of a DC/DC PWM on Laser Repetition 

Rate and Wavelength 

Y. Ren, and L. Chen 

Abstract 

The femtosecond pulsed laser was adopted to investigate the sensitive devices in a versatile 

triple DC/DC PWM controller IC for single event transient (SET) effects. Various wavelengths 

and a range of repetition rates were used to pinpoint and characterize the SET sensitivity. The 

dependence of the SET sensitivity on the laser pulse repetition rate and wavelength was observed 

and analyzed. 

Index terms 

Single Event Transient (SET), DC/DC PWM, Bandgap Reference, Power-On Reset (POR), 

Pulsed Laser, Repetition Rate. 

 

5.1 Introduction 

The pulsed laser beam has been proven to be a valuable diagnostic tool for single event 

effects (SEEs) study ever since 1980s [1]-[4]. The laser beams can be focused on the interested 

devices with high resolution, which provides a complementary method to investigate the SEE. In 

addition, it is easy to change the average power and energy per pulse by means of modifying 

laser parameters [5]. Researchers have made a vast study on SEEs via pulsed lasers. However, 
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the previous work did not specifically investigate the SET dependence of the laser pulse 

repetition rate and the laser wavelength. In this paper, a complex commercial-off-the-shelf 

(COTS) controller for DC/DC regulator was used as a testing vehicle for the SET investigation. 

The schematic for the device under test is shown in Fig. 5.1.  

The DC/DC PWM controller chip has a PGOOD output which uses logic high to indicate 

“Power Good”. The supervisory circuit monitors all blocks in the DC/DC converter to generate 

the “Power Good” signal. Single events can affect any one of these circuits, but a single event 

 

 

Figure 5.1 Test circuit for the complete DC/DC PWM converter. 
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strike in the supervisory circuit or the bandgap reference circuit is particularly serious because it 

may send a (false) signal to a system controller that shuts down or resets the entire system the 

DC/DC converter resides in, even though the output voltage of the converter is not seriously 

affected. An investigation of this particular DC/DC converter have been thoroughly conducted 

using the puled laser with fixed wavelength and repetition rate, the most sensitive areas have 

been identified to be the bandgap circuits [13]. In this paper, the relationship between the SET 

responses and the laser pulse repetition rate and wavelength are thoroughly studied. The results 

show that the SET sensitivity is closely related to the laser repetition rate and wavelength. In 

addition, different failure mechanisms were observed when changing the pulse repetition rate of 

the lasers. The phenomena were analyzed and conclusions were summarized at the end of the 

paper. 

5.2 Experimental Setups and Laser Parameters 

5.2.1. Laser Facility and Device under Test 

The laser experiments were carried out with a combination of Confocal Microscopy on the 

Zeiss LSM410 and Mira 900-D laser system with Verdi V-10. The simplified laser path is shown 

in Fig. 5.2. The system is located on a floating optical table to reduce mechanical vibration 

transfer to the instrument. Zeiss LSM410 which is an inverted microscope intended for 

acquisition of fluorescence emission from laser excitation source. The Mira 900-D is a tunable 

Ti-Sapphire laser system which is capable of emitting wavelengths ranging from 700 nm to 1000 

nm. The Mira can emit the continuous wave, picosecond pulses and femtosecond pulses. The 

mode-lock 130 femtosecond pulsed Ti-Sapphire lasers that emit light at 800 nm, 920 nm and 990 

nm in the infrared were used to conduct the experiments. A HeNe 633 nm continuous wave laser 
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was used to capture the optical image of the chip so that a specific location could be locked. The 

infrared (IR) laser beams were aligned to the HeNe laser beam in order to irradiate the target 

spots. The average powers of the IR lasers were controlled by internal polarizers and external 

neutral density filters.  

The laser experiments consisted of applying laser pulse excitations to the decapped chip 

across the sensitive area of the die. The laser pulse energy was varied continuously to establish a 

threshold level at any location that was found to exhibit SET sensitivity. This is a 3 metal layer 

process and all of the transistors targeted for study in this project were accessible for laser hits 

without any metal layer on top. The waveforms from the device under test (DUT) outputs were 

captured for SEE event analysis using a high speed oscilloscope triggering on several of the 

 

 

 

Figure 5.2 Simplified laser path. 
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outputs when they exceeded the limits of normal operations. The PGOOD signal was used as the 

indicator for SET events. 

5.2.2. Laser Wavelength 

Different wavelengths were used in our experiments, namely 800nm, 920nm and 990nm. 

For one photon absorption, a photon is absorbed only when its energy is larger than the band gap 

of the semiconductor material. Longer wavelength laser (around 1000nm) is proven to have a 

small absorption coefficient, which means a deep penetration depth whereas shorter wavelength 

(around 800nm) laser is on the contrary [5, 9]. However, the absorption coefficient for long 

wavelength tends to vary a lot at high doping levels because of free carrier absorption and band 

gap narrowing (band gap shrinkage) effects [10, 11]. It is a different case for short wavelength 

laser with energy farther above the band gap whose absorption coefficient is less sensitive to 

different doping concentrations [6]. Given all these facts, three distinct wavelengths, namely 800 

nm, 920 nm and 990nm, are selected in our experiment for the sake of precision. 

5.2.3. Laser Pulse Duration 

The pulse duration used in the experiments is 130 femtosecond. According to the previous 

studies on rise time of charge collection [7], this time is at picosecond level with respect to 

different linear energy transfer (LET) and device resistivity. The pulse width is supposed to be 

shorter than this charge collection time as a result of carrier diffusion and funneling effect. Based 

on the above consideration, laser duration of 130 femtoseconds is applied to guarantee the 

validity of the experiment data. 
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5.2.4. Laser Repetition Rate 

The repetition rate decides the interval between every two sequential pulse. In this paper, a 

wide range of various repetition rates were used from 10 KHz to 4.75 MHz and the results were 

compared. Obviously repetition rates account for the difference on average power and energy per 

pulse of the threshold.  

 

 

 

Figure 5.3 Micrograph of the DC/DC PWM controller. 
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5.2.5. Laser Spot Size 

Compared with ion particle, laser spot size is normally one order magnitude bigger [8, 12]. 

As a result, it is necessary to make sure the laser spot size is small enough with respect to the 

testing sensitive transistors. In our case, the spot size is around 1.5 micrometer, which is small 

enough for the 0.6 μm feature size adopted in the testing DC/DC controller chip. 

5.3 Experimental Results 

Three IR lasers with wavelength of 800 nm, 920 nm and 990 nm were used to irradiate the 

most sensitive circuits in the chip. The micrograph of the sensitive part of the chip is shown in 

Fig. 5.3. The upper circle locates the position of the sensitive transistors in Power-On Reset 

(POR) circuits, whereas the lower circle shows the locations of the sensitive transistors in 

Bandgap (BG) reference circuits. For each wavelength, repetition rates from 10 KHz to 4.75 

MHz were adopted to perform the experiments. The average laser power and energy per pulse 

 

  

 

Figure 5.4 Threshold power and energy per pulse for 800 nm. 
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versus the pulse repetition rate are shown in Fig. 5.4. 

5.3.1. 800nm Laser Results 

The experiment results for 800 nm are shown in Table 5.1, which indicates the threshold 

power and energy for SET on the BG and POR, respectively. The BG and POR mean the 

sensitive transistors in BG and POR circuits. The repetition rate is from 10 KHz to 4.75 MHz. 

Energy per pulse equals to the average power divided by the repetition rate. 

In the experiments, different SET failure phenomena were observed with respect to the 

repetition rates. For the BG, when the repetition rate is lower than 3.8MHz, the 6-μs glitch on 

PGOOD is captured on the oscilloscope (data in green color). However, when it is equal or 

higher than 3.8 MHz, the chip directly shuts down without generating the glitches (data in red 

color). For the POR, when the repetition rate is lower than 500 kHz, the six microsecond glitch is 

observed (data in green color). When the repetition rate is equal or higher than 500 KHz, 

irregular glitches with various glitch widths are observed (data in brown color). It is obvious that 

different repetition rates can trigger different failure mechanisms. 

 

 

Table 5.1 Laser Results for 800 nm 
 

Repetition 

Rate 

(Hz) 

Average Power (μW) Energy per Pulse (pJ) 

BG POR BG POR 

10 K 0.005 0.11 0.5 11 

50 K 0.01 0.33 0.2 6.6 

100 K 0.018 0.605 0.18 6.05 

500 K 0.075 2.7 0.15 5.4 

1 M 0.385 3.3 0.39 3.3 

2 M 0.765 4.3 0.38 2.15 

3.12 M 1.7 4.3 0.54 1.36 

3.46 M 1.93 3.95 0.56 1.14 

3.8 M 30.3 3.89 7.97 1.02 

4.22 M 30.7 3.9 7.27 0.92 

4.75 M 37.5 3.9 7.89 0.82 
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5.3.2. 920nm Laser Results 

The experiment results for 920 nm are as Table 5.2. The general tendency is the same with 

that of 800 nm. When the repetition rates rose to 4.22 MHz, the failure mechanism changed from 

6-μs glitch to shut down for the BG. The relative threshold power is a bit different. This is 

reasonable as the penetration depth differs along with different wavelengths. The similar trend is 

observed for the POR.  

5.3.3. 990nm Laser Results 

The experiment results for 990 nm are as Table 5.3. For all the repetition rates, the 6-μs 

glitch is observed for the BG. The data in POR column with asterisks mean the maxim power we 

can have for that repetition rate. Yet no glitch was seen for that maxim power on POR. When 

repetition rate is higher than 2 MHz, irregular glitches arose on POR. Compared with the 

previous results of 800 nm and 920 nm, the relation between sensitivity and repetition rate is 

consistent. However, the relative threshold power is slightly different. 

 

 

Table 5.2 Laser Results for 920 nm 
 

Repetition 

Rate 

(Hz) 

Average Power (μW) Energy per Pulse (pJ) 

BG POR BG POR 

10 K 0.017 0.42 1.7 42 

50 K 0.025 0.67 0.5 13.4 

100 K 0.035 1.04 0.35 10.4 

500 K 0.11 3.39 0.22 6.78 

1 M 0.222 4 0.222 4 

2 M 0.38 4.4 0.19 2.2 

3.12 M 1.69 4.8 0.53 1.52 

3.46 M 3.2 5.1 0.93 1.48 

3.8 M 6.6 5.3 1.74 1.39 

4.22 M 34 5.4 8.05 1.28 

4.75 M 38 5.1 8 1.07 
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5.4 Discussions 

The results clearly implied that different pulse repetition rates can trigger different SET 

failure phenomena for BG and POR circuits as shown in Table 5.1, 5.2 and 5.3. At low repetition 

rates, it will generate the 6-μs glitch on the PGOOD signal, whereas it will induce irregular 

pulses on the PGOOD signal or shutdown of the chip for higher repetition rates. It is also noted 

that the sensitivity distribution tended to vary with respect to different repetition rates. For low 

repetition rates, transistors in BG circuits are the most vulnerable, which is in accordance with 

the alpha particle experiment results. However, as the repetition goes high, POR circuit requires 

least power to cause the 6-μs glitch on PGOOD. This tendency is consistent in all three 

wavelength experiments.  

In addition, the laser energy per pulse remains relatively low and constant until it switches 

to another failure mode for BG transistors as shown in Fig. 5.4. On the contrary, the laser energy 

per pulse decreases gradually over the repetition rates for POR transistors. This tendency is also 

consistent with all three wavelength experiments. 

 

Table 5.3 Laser Results for 990 nm 
 

  Repetition 

Rate 

(Hz) 

Average Power (μW) Energy per Pulse (pJ) 

BG POR BG POR 

10 K 0.011 0.123* 1.1 12.3* 

50 K 0.03 0.34* 0.6 6.8* 

100 K 0.055 0.617* 0.55 6.17* 

500 K 0.255 2.45* 0.51 5.08* 

1 M 0.474 5.7* 0.47 5.7* 

2 M 1.03 7.35 0.52 3.675 

3.12 M 4.36 7.28 1.38 2.3 

3.46 M 6.97 7.7 2.02 2.23 

3.8 M 8.97 7.56 2.36 1.99 

4.22 M 10.2 7.4 2.41 1.75 

4.75 M 19.6 7.31 4.13 1.54 
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The aforementioned phenomena can be explained with circuit schematic operations. The 

schematic simulation results imply that the root course for the glitch is a voltage drop in the 

sensitive nodes, which need a continuous deposit of charges (holes or electrons depending on the 

type of device components). Once the voltage drop reaches a threshold level, it will change the 

state of some subsequent buffers and inverters, which eventually generate the PGOOD pulses. So 

the correlation could be explained with the accumulation process of laser power on 

semiconductor and the recovery time of circuits. 

As is shown in Fig. 5.5, the sensitive transistors in POR circuits are connected to a capacitor, 

the gate of a PMOS transistor and the collector of a bipolar whereas the sensitive node in BG 

transistors is the collector of a bipolar. In addition, the discharge current in BG transistors is 

almost twice as much as of that in POR, which means the BG transistor will recover faster. In 

that case, when repetition rate is low, the interval between each laser pulse is long enough for the 

 

  

 

Figure 5.5 Sensitive node schematic for POR and Band Gap. 
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POR node to discharge the SET charges and recover, when the energy per pulse is not big 

enough to cause a SEE on POR node. However, it is large enough to upset the bandgap transistor, 

which is what we observed in low repetition rate. As the repetition rate goes up, energy per pulse 

keeps going down. And finally, it is too small to cause a SEE on band gap transistor. Also, 

because the discharge of band gap transistor is quicker, an accumulation is not likely. On the 

contrary, for high repetition rate, the charges begin to store on the POR capacitor and generate a 

glitch at the end. That is why POR is most sensitive in high repetition rate. Based on the above 

analysis, it is obvious that band gap transistor actually needs less energy to have a SEE whereas 

the POR sensitivity turns out to be dependent on charge accumulation in high repetition rates. 

Also, consider the practical applications of the DC/DC PWM controller, where the radiation 

particles strike the chip in very low frequency, low repletion results are more convincing. 

5.5 Conclusions 

In this paper, a versatile triple DC/DC PWM controller was tested using femtosecond 

pulsed laser beams to locate the most sensitive spot. IR lasers of three different wavelengths with 

different repetition rates were selected to guarantee the validity of the experiment results. 

Different failure mechanisms were observed along with the increasing of the repetition rate. The 

relationship between the SET sensitivity and the laser repetition rate was observed and 

investigated. A conclusion is drawn that low the repetition rate should be adopted for laser–based 

SET experiments for complex analog/mixed signal integrated circuits. 
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6. CORRELATION OF HEAVY-ION AND LASER TESTING ON A 

DC/DC PWM CONTROLLER 
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van Vonno, “Correlation of Heavy-Ion and Laser Testing on a DC/DC PWM Controller,” Springer 

Journal of Electronic Testing: Theory and Applications, Vol. 29, no. 4, pp. 609-616, Aug., 2013. 

 

In the previous chapters, comprehensive studies are performed on the SET sensitive DC/DC 

PWM chip using pulsed laser technique. Both the root cause for the sensitivity and its dependency 

on temperatures, wavelengths and repetition rates are discussed. The analysis is also verified 

taking the advantages of circuit level simulation. As we can see, bandgap circuit can be very 

sensitive to SET. And temperatures can have different effects on SET sensitivity considering the 

quiescent point shift. However, the correlation of the laser testing to the standard heavy ion testing 

is not established yet. This correlation potentially makes pulsed laser technique more versatile in 

SEE evaluations.  

In this manuscript, the correlation between pulsed laser technique and standard heavy ion 

testing is established based on the DC/DC PWM experimental data. To be specific, the heavy ion 

data is correlated to those of pulsed laser testing by means of threshold LET and laser energy per 

pulse. As a result, the equivalent LETs for different laser wavelengths, namely, 750 nm, 800 nm, 

850 nm and 920 nm, are acquired. The equivalent LETs for the four wavelengths are determined to 

be 0.44 MeV•cm
2
/mg, 0.36 MeV•cm

2
/mg, 0.29 MeV•cm

2
/mg and 0.18 MeV•cm

2
/mg, 



 

 

82 
 

respectively. The significance of this finding is also presented. For example, based on the laser 

equivalent LETs, the laser cross-section can be easily acquired from that of heavy ion testing. In 

return, the heavy ion cross-section of some sub-circuits inside the chip can also be calculated 

from the pulsed laser data, making it much more convenient. In this way, it can be used to 

develop the cross-section of any specific area inside the circuit using pulsed laser technique. This 

can also facilitate the future SEE testing with pulsed laser. 
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Correlation of Heavy-Ion and Laser Testing on a DC/DC PWM Controller 

Y. Ren, S.-T. Shi, L. Chen, H.-B. Wang, L.-J. Gao, G. Guo, S.-J. Wen, R. Wong, N. W. van 

Vonno 

Abstract 

Pulsed laser and heavy-ion experiments were carried out on a commercial-off-the-shelf 

DC/DC pulse width modulation controller to study the equivalent laser Linear Energy Transfer 

(LET) at wavelengths of 750 nm, 800 nm, 850 nm and 920 nm. The laser experiments showed 

that the shorter wavelength laser has smaller threshold energy to generate single-event transient 

pulses. The cross-sections versus heavy-ion LET and laser energy per pulse were obtained and 

correlated. The heavy-ion and laser cross-sections fit well considering the effects of metal layers 

on the chip. The results of this research facilitate the future pulsed laser testing by providing 

explicit coefficients to evaluate the equivalent laser LET, which can be used to replace costly 

heavy-ion testing. 

Index terms 

Single-event transient, pulse-width modulator, pulsed laser technique, heavy-ion, 

cross-section, correlation. 

  

6.1 Introduction 

The pulsed laser is a powerful tool to study Single-Event Effects (SEEs). It offers numerous 

advantages for SEE testing compared to the conventional heavy-ion technique. For example, 
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laser testing does not cause radiation-induced degradation. In addition, the pulses can be 

generated at well-controlled time and location, and the amount of charges deposited per unit 

depth can be varied over a wide range during the testing. The pulsed laser technique is very 

effective in debugging and evaluating Single-Event Transients (SETs) in linear devices [1-3] and 

Single-Event Upsets (SEUs) in digital integrated circuits (ICs) [4, 5]. The laser energy of several 

specific wavelengths (mostly around 600 nm) has been correlated to the Linear Energy Transfer 

(LET) of heavy-ions in silicon material with reasonable accuracy [6-9]. These relatively short 

wavelengths have large absorption coefficient and equivalent laser LET. In our paper, a wide 

range of longer wavelengths from 750 nm to 920 nm were analyzed. The small equivalent laser 

LETs results from the longer wavelengths enable more margin and accuracy in controlling the 

laser energy, and hence make them especially suitable for sensitive device testing, like the 

DC/DC PWM controller in our case. The longer wavelength also features deeper penetration 

depth. For example, the penetration depth of 600 nm is around 3 μm while that of 920 nm can be 

around 100 μm. This is important for studying the bipolar transistors in BiCMOS processes, 

since bipolar transistors have shown the sensitivity to the laser penetration depth [6].  

In this work, a commercial mixed-signal controller chip for a DC/DC converter fabricated 

in a 0.6 μm BiCMOS process was used to correlate data between heavy-ion beams and the 

pulsed laser with wavelengths of 750 nm, 800 nm, 850nm and 920 nm. This controller chip is 

sensitive to neutrons and alpha particles on ground level testing. The most sensitive area was 

determined to be nine bipolar transistors (used as a delta Vbe generator) inside a bandgap 

sub-circuit with a pulsed laser in our previous studies [10]. This controller chip requires low 

critical charge to generate the SET pulses, making it an ideal study case for low LET particles. 

The SET cross-sections versus laser energy per pulse were produced with wavelengths of 750 
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nm, 800 nm, 850 nm, and 920 nm, respectively. The heavy-ion experiment was performed to get 

the SET cross-section versus LET curve. The laser cross-sections are consistently smaller than 

heavy-ion counterparts because unlike the heavy-ions, the laser cannot access the areas 

underneath the metal layers. After considering the metal coverage percentage, the laser 

cross-section curves from all four wavelengths fit well with that from the heavy-ion experiment. 

It demonstrates that pulsed lasers with different wavelengths can have equivalent cross-sections 

to that of the heavy-ion. Finally, an equivalent laser LET versus wavelength curve was acquired 

from our experimental data. 

 

 

 

Figure 6.1 Block level circuit diagram for a DC/DC converter. 
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6.2 DC/DC PWM Controller IC 

Fig. 6.1 shows the major components of a DC/DC converter containing the controller IC 

(blue box), power devices (red box), and passive components. The controller IC contains a 

Pulse-Width Modulation (PWM) circuit, a bandgap reference circuit, a soft-start circuit, a 

supervisory circuit, and an error amplifier. It includes both digital and analog circuits. The PWM 

circuit generates the signal that controls the percentage of the clock period that the power 

transistor is “ON”. The soft-start circuit limits the duty cycle at the start up to limit the load 

current, shown as iL in Fig. 6.1. The supervisory circuit monitors all other blocks to generate the 

“Power Good” signal, which is used to monitor the health of the DC/DC converter. Single events 

can affect any one of these circuits [11-16]. However, hits to the PWM often do not significantly 

disturb the output voltage of the converter because perturbations of individual duty cycles are 

filtered by the LC low-pass filter on the output of the converter. The output voltage responds 

only to the average duty cycle. The pulsed laser or heavy-ions can induce a voltage perturbation 

at the output of the bandgap sub-circuit. When this voltage perturbation is big enough, it resets a 

low pass filter inside the PWM chip and hence causes a 6-μs SET. This 6-μs SET eventually 

propagates to the PGOOD output pin. The cross-section calculation in this paper is based on the 

error rates of SETs (negative glitches) at the PGOOD pin. The following sections describe an 

investigation of SETs in the DC/DC PWM controller chip by monitoring the PGOOD output. 

6.3 Experimental Details  

6.3.1 Device under Test (DUT) 
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The DC/DC controller under test is a triple regulator. It has two independent 

synchronously-rectified buck controllers (OUT1 and OUT2) and a linear controller (OUT3) to 

offer precise regulation of up to three voltage rails. The test circuit is shown in Fig. 6.2 [10]. The 

three soft-start pins, namely SS1/EN1, SS2/EN2 and SS3/EN3, are grounded through a capacitor 

for each pin. The PGOOD pin is an open-drain pull-down device output connected to VCC and 

 

 

 

Figure 6.2 Test circuit for the complete DC/DC PWM controller. 
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provides high level voltage monitoring for almost every circuit in the controller IC. When power 

is first applied to the IC, the PGOOD output is pulled low indicating an initial condition. After all 

three soft-start pins complete their ramp up with no faults (no short detected on switchers), the 

power is considered “GOOD” as indicated by a high PGOOD pin. The DC/DC controller IC was 

used in the above configuration for all tests presented in this paper. 

6.3.2 Setups 

A general block diagram for heavy-ion testing is shown in Fig. 6.3. A pre-programmed 

FPGA was used to record SET pulses and to calculate their durations from the PGOOD pin. A 

BNC cable coupled the PGOOD signal from the DUT to the FPGA. The DUT was located in a 

 

 

 

Figure 6.3 Block diagram for heavy-ion testing. 
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vacuum chamber to extend the available range of the heavy-ion beam. A high speed oscilloscope 

was also used to monitor the shape of SET pulses. All the data was sent to laptop 1 in the 

irradiation room through an RS-232 cable. Laptop 2 in the control room controlled all the 

equipment in the radiation room by means of a CAT-5 cable. The laser testing used a similar 

setup to record SET pulses, differing only in that it was performed in air rather than in vacuum.  

6.3.3 Irradiation Facilities 

The heavy-ion irradiation was carried out using HI-13 tandem electrostatic Van de Graaff 

accelerator at China Institute of Atomic Energy (CIAE) in Beijing [17]. This broad beam facility 

is capable of accelerating almost all the elements of the periodic table with the non-uniformity of 

beam less than 10% over an area of 10 cm × 10 cm. A sample holder capable of holding four 254 

mm × 254 mm test boards resides in the vacuum testing chamber whose diameter and height are 

both 1100 mm. The multiple choices of interfaces on the chamber wall, such as BNC and Sub 

D-9, facilitate the experiments. The particles used are shown in Table 6.1. The fluence of the 

 

Table 6.1 Heavy ions in use and cross section data 
 

Heavy 

ion 

Energy 

(MeV) 

Range in 

Si (μm) 

LET 

(MeV·cm
2
/mg) 

Cross-section 

(cm
2
) 

Li 45 259.6 0.44 1.03  10
4

 

C 78 122.2
 

1.77 4.73  10
4

 

F 100 72.7 4.43 1.2  10
3

 

Si 120
 

43.9 9.82 1.3  10
3

 

Cl 145 41.2 13.6 1.36  10
3
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particles ranges from 9×10
4
 cm

-2
 to 9.9×10

5
 cm

-2
 with the beam size of 2 cm × 2 cm. The system 

setup inside the vacuum chamber is shown in Fig. 6.4.  

The laser induced SET testing facility used in this work is located at the Saskatchewan 

Structural Sciences Centre (SSSC) in University of Saskatchewan. The basis of the laser 

scanning system is a Zeiss LSM410 confocal microscope which is located on a floating optical 

table to reduce mechanical vibration transfer to the instrument. The laser system is a Mira 900-D 

 

 

 

Figure 6.4 Experimental heavy-ion testing setup in the vacuum chamber. 
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pumped by a Verdi V-10 (made by Coherent). It has a tunable Ti:sapphire laser with wavelengths 

ranging from 700 nm to 1000 nm. The laser system is capable of emitting a continuous wave 

beam or picosecond and femtosecond pulses. It has a Pulse Picker 9200 which is a stand-alone 

accessory for the laser system to change the pulse repetition rate over the wide range available. It 

gives a repetition rate selection from 10 kHz to 75 MHz. 

In the scanning process, the DUT was fastened on the testing plate. The laser beam was 

focused on the surface of the die through the objective of the microscope. The laser spot size 

diameter and pulse duration are 1.6 μm and 130 fs, respectively. The Zeiss 10X objective in use 

has a working distance of 5.5 mm. The scanning area displayed on the monitor is divided into 

 

 

 

Figure 6.5 Scanning block units and laser spot size. 
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512 × 512 pixels. Each pixel measures 2.5 μm × 2.5 μm, which is a little larger than the laser 

spot size (the red dot) as is shown in Fig. 6.5. The laser coming out of the objective scans the 

DUT pixel by pixel with a step size of 2.5 μm. The dwelling time on each pixel is around 244 μs. 

6.4 Experimental Results 

6.4.1 Heavy-Ion Data 

The heavy-ion experimental results are shown in Table 6.1. Five different heavy-ions with 

LETs in silicon ranging from 0.44 MeV•cm
2
/mg to 13.6 MeV•cm

2
/mg were selected to perform 

the experiment. As expected, the cross-section curve shows the conventional shape (Fig. 6.6). 

The cross-section of Li ion in Table 6.1 is 1.03 × 10
-4

 cm
2
 and the sensitive area (nine bipolar 

transistors in bandgap sub-circuit) is around 1 × 10
-4

 cm
2
 according to the layout of the chip. So 

we can see the LET for Li is around the threshold and make 0.44 MeV•cm
2
/mg the threshold 
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Figure 6.6 Cross-section for heavy-ion testing. 
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LET. The saturation value of the cross-section was reached around an LET of 4.43 MeV•cm
2
/mg. 

Note that the experiment was performed only once for each LET as a result the error bar is not 

included.  

6.4.2 Laser Data 

A range of wavelengths (750 nm, 800 nm, 850 nm and 920 nm) were used in our laser 

testing with the repetition rate of 10 kHz. The time interval between each laser pulse is 100 μs 

for the 10 kHz repetition rate, which is much longer than the SET pulse width (6 μs) we were 

recording. This guarantees that the system has enough time to recover from the 6-μs SET glitch 

and no overlaps between the effects.  

To calculate the laser cross-section, a similar equation (6.1) was developed in analogy to the 

calculation of cross-section as used in particle irradiations. The cross-section is normally 

acquired through dividing the number of times that an effective single-event was observed by the 

incident particle fluence [18]. In our pulsed laser irradiation, every single pulse is considered as 

an equivalent incident particle. In this case, the pulsed laser cross-section is calculated below as 

(6.1) 

                                       
#

f t

A

 


                                      (6.1) 

 

Where σ is laser cross-section, # is the number of times that a SET was observed, f is the 

laser pulse repetition rate, t is the scanning time and A is the scanning area. 
f t

A


 gives the 

concept of pulse fluence (pulses per unit area). To obtain the overall cross-section versus laser 

energy curve for the whole chip, the chip surface was divided into two sub-areas for laser 
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scanning. Each sub-area scan was completed in 64 seconds. Both areas were scanned separately 

and their error cross-sections were summed up mathematically. The threshold energies of 

different wavelengths were described in Table 6.2. As we can see, the threshold energy increases 

along with the increasing wavelength. The energy points are set by changing the optical density 

 

Table 6.2 Laser Threshold and equivalent LET over wavelength 
 

Wavelength 

(nm) 

Threshold 

Energy 

(pJ) 

Equivalent LET 

per 1 pJ 

(MeV·cm
2
/mg) 

750 1 0.44 

800 1.2 0.36 

850 1.5 0.29 

920 2.55 0.18 
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Figure 6.7 Cross-sections for 750 nm, 800 nm, 850 nm and 920 nm laser. 
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with a relative constant step size. Laser energy was increased until the cross-section sees 

saturation. The laser cross-section curve in Fig. 6.7 clearly shows that the four lasers give very 

similar saturated cross-sections.  

6.5 Analyses and Discussions 

Table 6.2 shows that the threshold energy of 920 nm wavelength is the largest while that of 

750 nm is the smallest. This is reasonable because the 750 nm wavelength requires the least 

energy to have the same LET compared with other wavelengths, since the absorption coefficient 

of the 750 nm wavelength laser exceeds those of the other three wavelengths. This was also 

proved theoretically in [19], in which the equivalent laser LET equations are listed below as (6.2), 

(6.3) 

 

                 e e LL K E                                             (6.2) 

 

                 1 d
p

e

E e
K T

E d






                                        (6.3) 

 

Where,  

  eL
 
is equivalent laser LET  

  LE
 
is laser energy per pulse 

  eK
 
is equivalent coefficient 

  T  is transmission coefficient 

  pE
 
is average energy to generate one hole-electron pair 
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  E  
is energy of the photon  

    is absorption coefficient 

  d  is the device sensitive depth to the laser 

The relatively large absorption coefficient ( ) for the 750 nm wavelength results in the 

largest equivalent coefficient ( eK ) in the four wavelengths.  

First, we will correlate the 750 nm wavelength data with that of the heavy-ion. By 

comparing Fig. 6.6 and Fig. 6.7, we can see that the heavy-ion saturation cross-section is higher 

than that of the 750 nm wavelength. Actually, this is the fact for all four wavelengths. This can be 

explained by the metal layers covering the active areas of the chip. These metal layers will not 

pose any hindrance to the heavy-ions. The heavy-ions will be able to penetrate the metal layers 

and reach active silicon areas whereas the laser beam will not be able to penetrate these metal 

layers. Since the laser cross-section was obtained by dividing the number of SETs observed by 

the number of laser pulses during the scanning and multiplying by the scanning area, areas 

covered by metal layers must be compensated for. The DC/DC controller chip under study is 

fabricated using a three-layer metal process. The total metal layer coverage for the whole chip is 

around 40%. The saturation cross-sections for the heavy-ion and the 750 nm wavelength laser are 

0.00136 cm
2
 and 0.00079 cm

2
, which show a difference of around 41.9%. This difference is very 

consistent with the metal coverage percentage of the chip. The correlation between laser energy 

and heavy-ion LET can be obtained by comparing the thresholds [8, 9]. In this situation, a laser 

energy of 1 pJ (energy per pulse for 750 nm) is equivalent to around 0.44 MeV•cm
2
/mg 

(equivalent LET). Once we apply this conversion coefficient to the whole cross-section curve 

and consider the metal coverage compensation, the cross-section curves for 750 nm wavelength 

and heavy-ion can be re-plotted as Fig. 6.8. The curves show the same shape and tendency. The 
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saturation levels also fit well. However, this laser cross-section scale-up according to the chip 

metal coverage percentage is only reasonable for large feature size like our DUT which is 

fabricated in a 0.6 μm BiCMOS process. For example, the size for one bipolar transistor in the 

most sensitive area (bandgap sub-circuit) is 20 μm × 16 μm. The transistors are fairly large 

compared to the metal lines and there are always sensitive areas exposed to the laser irradiation. 

For advanced technology, this method may introduce more errors due to more metal layers and 

larger metal coverage as well as the sensitivity distribution uncertainty of the areas underneath 

the metal layers. This will be confirmed in the future using our backside Two-Photon Absorption 

(TPA) irradiation laser facility under construction, which can get rid of the metal coverage issue 

by applying laser from the backside of the chip. 
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Figure 6.8 Cross-section curve fitting for heavy ion and 750 nm wavelength. 
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The equivalent laser LETs for 800 nm, 850 nm and 920 nm wavelengths were acquired in 

the same procedure. In these situations, each 1 pJ laser energy is equivalent to around 0.36 

MeV•cm
2
/mg, 0.29 MeV•cm

2
/mg and 0.18 MeV•cm

2
/mg for 800 nm, 850 nm and 920 nm, 

respectively. These numbers were acquired by comparing the thresholds between laser and 

heavy- ion. For the same energy per pulse, the 750 nm wavelength shows the largest equivalent 

laser LET as it has the largest absorption coefficient ( ). The cross-section curves for 800 nm, 

850 nm and 920 nm wavelengths and heavy-ion are re-plotted in Fig. 6.9, Fig. 6.10 and Fig. 6.11. 

Finally, an equivalent laser LET vs. wavelength curve was plotted in Fig. 6.12. 
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Figure 6.9 Cross-section curve fitting for heavy ion and 800 nm wavelength. 
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Now it is interesting to compare our data with those of previous work [8, 9] which are 

shown in Table 6.3. The equivalent LETs for [8] and [9] were explicitly given in their papers. 
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Figure 6.10 Cross-section curve fitting for heavy ion and 850 nm wavelength. 
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Figure 6.11 Cross-section curve fitting for heavy ion and 920 nm wavelength. 
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Our data values are less than those reported in [8, 9]. This is mainly because of the longer laser 

 

Table 6.3 Comparison with previous work. 
 

Ref. 

Wave 

length 

(nm) 

Pulse 

duration 

(s) 

Repetition 

Rate 

(Hz) 

Equivalent LET 

Per 1 pJ 

(MeV·cm
2
/mg) 

[8] 600 10p 5 M 3 

[9] 605 1p
 

1 k 3.05 

Our paper 750
 

130f 10 k 0.44 

Our paper 800
 

130f 10 k 0.36 

Our paper 850
 

130f 10 k 0.29 

Our paper 920 130f 10 k 0.18 
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Figure 6.12 Laser threshold and equivalent LET in terms of wavelength. 
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wavelengths we used. In addition, previous studies have compared the experimental results on a 

basic component (a single diode) from several mainstream laser facilities and have found that 

different laser characteristics tend to affect the transient amplitudes and charge collection [20]. 

The results from our experiments may not be directly applied to other laser facilities. Further 

studies are to be carried out to fully understand the charge collection mechanism induced by 

lasers and establish the correlations among different laser facilities.  

6.6 Applications 

As we know, a laser is much more accessible and flexible compared with heavy-ion beams. 

There are valuable applications for the equivalent laser LETs presented in our paper, such as 

accurately estimating the cross-sections of heavy-ion LETs for the overall IC and arbitrary 

 

 

Figure 6.13 Layout of the controller IC and each individual blocks. 
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sub-circuits, and providing guidance on radiation-hardened-by-design techniques. The 

correlation is proven to be accurate for the circuits implemented with the 0.6 μm BiCMOS 

process. More experiments are to be carried out to obtain the accurate correlation for more 

advanced CMOS technologies.   

The cross-section versus LET curves for arbitrary sub-circuits can be easily acquired by 

calculating from the laser data. Normally, it is hard to have the cross-section vs. LET curves of 

arbitrary sub-circuits directly from heavy-ion testing as heavy- ion cross-section data do not 

differentiate between each sub-circuits. On the contrary, it is easy for pulsed laser to irradiate 

arbitrary sub-circuits. An example was shown in Fig. 6.13, which is the layout of the DC/DC 

PWM controller. In this example, the 920 nm wavelength was used to irradiate three sub-circuits 

sensitive to SET in the DC/DC PWM controller. The first sub-circuit is noted as bandgap (red 

area) which is composed of nine NPN bipolar transistors (the most sensitive devices according to 

our previous study [10]). It is used to generate a delta Vbe voltage in the bandgap reference 

circuit. The second one is the resistor network (orange area) which is made up of twenty-five 

resistors. Its function is to divide the initial bandgap voltage into several different ones. The third 

one is the Power-on Reset (POR) sub-circuit (black area). The POR is using one of the bandgap 

reference voltages as an input. So its sensitivity derives from the bandgap variations and it takes 

more laser energy to trigger SEE at POR directly. The pulsed laser cross-section and the 

calculated cross-section versus LET curve were shown in Fig. 6.14 and Fig. 6.15. This shows the 

convenience of getting cross-section vs. LET curves for arbitrary sub-circuits. These individual 

sub-circuits cross-section also gives direct information to designers to mitigate SEEs by design. 
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6.7 Conclusions 
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Figure 6.15 Calculated heavy-ion cross-sections for individual areas. 
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Figure 6.14 Cross-sections for individual areas laser testing. 

 



 

 

104 
 

Correlations between laser energy and heavy-ion LET were established based on our 

experiments of a mixed-signal controller chip with 0.6 μm BiCMOS process. A wide range of 

laser wavelengths, from 750 nm to 920 nm, were used. The equivalent laser LETs of every 1 pJ 

(energy per pulse) for 750 nm, 800 nm, 850 nm and 920 nm wavelengths are 0.44 MeV•cm
2
/mg, 

0.36 MeV•cm
2
/mg, 0.29 MeV•cm

2
/mg and 0.18 MeV•cm

2
/mg, respectively. These conversion 

coefficients were applied to the whole cross-section curves and proven to be reasonable. These 

explicit conversion coefficients can facilitate the future pulsed laser experiments using similar 

wavelengths. With our correlated equivalent laser LET, general heavy-ion data can be easily 

obtained from the laser testing data with reasonable accuracy for the similar technologies. 
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7. SINGLE-EVENT TRANSIENT MEASUREMENTS ON A DC/DC 

PULSE WIDTH MODULATOR USING HEAVY ION, PROTON, AND 

PULSED LASER 
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Y. Ren, A.-L. He, S.-T. Shi, G. Guo, L. Chen, S.-J. Wen, R. Wong, N. W. van Vonno, and B. L. 

Bhuva, “Single-Event Transient Measurements on a DC/DC Pulse Width Modulator Using Heavy 

Ion, Proton, and Pulsed Laser,” Springer Journal of Electronic Testing: Theory and Applications, 

Vol. 30, no. 1, pp. 149-154, Feb., 2014. 

 

In the previous chapters, the applications of pulsed laser and heavy ions in SET evaluation are 

discussed. The pulsed laser is discussed in more details in terms of different wavelengths and 

repetition rates, which indicate that the parameters of the pulsed laser should be properly set in 

order to be used in the SEE evaluation. The correlation between pulsed laser and heavy ion is also 

presented, which gives the equivalent LETs of pulse laser with different wavelengths. These 

conclusions will facilitate the future testing. They can also be used to verify the testing results from 

one method to the other. However, as a crucial SEE evaluation methodology, the proton irradiation 

is not used to study the SEE response. And its relationship to heavy ion and laser is not studied. 

In this manuscript, proton irradiation is adopted to study to SEE response of a DC/DC PWM 

chip. The data are compared with those from the previous heavy ion and pulsed laser. The SET 

glitch has the same shape as those of heavy ion and pulsed laser testing. However, its level of cross 

section is several orders lower than that of heavy ion testing. This difference is explained from the 
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perspective of different SEE principles between heavy ions and protons. The former is direct 

ionization while the latter is nuclear reaction. To further quantify their error rates, a physics model 

is also used to correlate the proton and heavy ion data. The results show that theoretical 

calculations can precisely match those from experiments. This relationship also gives hints on 

SER calculation between heavy ions and protons. 
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Single-Event Transient Measurements on a DC/DC Pulse Width 

Modulator Using Heavy Ion, Proton, and Pulsed Laser 

Y. Ren, A.-L. He, S.-T. Shi, G. Guo, L. Chen, S.-J. Wen, R. Wong, N. W. van Vonno,            

B. L. Bhuva 

Abstract 

This paper discusses multiple methods of Single-Event Transient (SET) measurements on a 

commercial DC/DC Pulse Width Modulator (PWM). Heavy ion, proton, and pulsed laser are 

used in the experiments. The correlations between the heavy ion, pulsed laser and proton data are 

analyzed and presented. A proton cross-section model is used to derive proton cross-section from 

heavy ion test data. The calculated result is close to the real proton data, which means the heavy 

ion and proton data fit well. The relationship between pulsed laser and proton are also analyzed 

through heavy ion as a medium. 

Index terms 

single-event transient (SET), heavy ion, proton, pulsed laser, DC/DC pulse width modulator 

(PWM). 

 

7.1 Introduction 

    Single-event transients (SETs) have always been a main source of soft errors in electronic 

devices [1-2]. It is the interaction between particles and atoms in the material (usually silicon) 
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when particles penetrate the sensitive regions of a device, such as the reversed biased p-n 

junction. To be more specific, the energized particle ionizes the material atom and generates 

electron-hole pairs, which are collected by the electric field in the p-n junction. This causes 

current and voltage perturbations in electronic devices, which propagate through the circuitry 

and hinder the system function, or even lead to system failures. As a result, it is necessary to 

fully study the SET sensitivity of electronic devices. 

Heavy ion and proton are frequently used in SET evaluations. However, the basic SET 

mechanisms caused by them are quite different. SET by heavy ion is caused by direct ionization 

from incident particles, whereas SET by proton is due to both direct and indirect ionizations [3]. 

High-energy proton interacts with the silicon nucleus to generate secondary particles. These 

secondary particles generate charge tracks through direct ionization. Low-energy protons are 

known to generate carriers in semiconductor material through direct ionization also [4]. The 

probability of nuclear reactions for high-energy protons is quite small. As a result, probability of 

an SET generation for heavy ions and low-energy protons are orders of magnitude higher than 

that for high-energy protons. Since space environment contains all of these particles, it is 

important to evaluate SET performance of all space-bound electronic circuits for heavy ions and 

protons. 

The pulsed-laser technique has also been widely used as a complementary tool for SET 

investigations ever since 1990s [5-6]. It features well-controlled temporal and spatial information. 

When the absorbed photon energy is larger than the bandgap energy of the semiconductor 

material, it will ionize the material atom and generate electron-hole pairs.    

Previously, we have studied a radiation sensitive DC/DC pulse width modulator using 

heavy ion and pulsed laser technique [7-8]. The DC/DC PWM is observed to malfunction on 
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ground level application. To be more specific, negative 6-µs glitches are observed at Power Good 

(PGOOD) pin, which resets the system the DC/DC PWM resides in. The laser evaluation 

indicates that the most sensitive area is a bipolar input pair (delta Vbe generator) in a bandgap 

sub-circuit. Also, the correlation between heavy ion and pulsed laser results are developed. 

This work extends the SET evaluations of the DC/DC converter IC by providing the proton 

exposure results. These results are compared with and correlated to the previous heavy ion and 

pulsed laser data. 

7.2 Experimental Details 

7.2.1 DUT and Setups 

The DC/DC converter IC is fabricated in 600-nm Bi-CMOS technology. The nominal power 

supply for the test IC is 12 V and it is capable of providing DC voltages from 0.6 V to 6 V. 

During the test, the nominal values of the three output voltages are 1.2V, 3.3 V and 2.5 V, 

respectively. The nominal PGOOD voltage is 5.8 V. The currents output for the whole chip is 

around 240 mA in our test configuration, which is also monitored using a digital multi-meter. 

The general block diagram for the heavy ion test is shown in Fig. 7.1. A Spartan-3 series 

FPGA from Xilinx is pre-programmed to record the SET pulses (6-µs glitches) and its duration 

from the PGOOD pin. The FPGA features a 50 MHz crystal oscillator on-board, which has 

enough frequency margins to monitor the 6-μs glitch in our test. The data are sent to the laptop in 

the radiation room through an RS-232 cable. Due to the limited transmission distance of RS-232 

and the purpose of better fidelity, another laptop in control room is used to control all the 

equipment in radiation room by means of a CAT-5 cable. The proton and pulsed laser testing 
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setups are similar to that of heavy ion with the only difference being they are performed in the air 

rather than the vacuum chamber. 

7.2.2 Irradiation Facilities 

The heavy ion irradiation is carried out using HI-13 tandem electrostatic Van de Graaff 

accelerator at China Institute of Atomic Energy (CIAE) in Beijing [9]. This broad beam facility 

is designed for single-event effect study, especially for ground level simulation.  

The pulsed laser testing is performed at the Saskatchewan Structural Sciences Centre 

(SSSC). Zeiss LSM410 confocal microscope is used along with a Ti:Sapphire laser [7]. It gives a 

tunable wavelengths ranging from 700 nm to 1000 nm with a repetition range from 10 Khz to 

4.75 Mhz. 

 

Figure 7.1 Block diagram for the heavy ion test. 
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 The proton irradiation is performed using the Proton Irradiation Facility (PIF) at TRIUMF, 

Vancouver, Canada. TRIUMF proton beam from a cyclotron yields protons from 65 to 500 MeV 

energies [10]. A range shifter is used as a degrader to decrease the initial proton energy to desired 

levels. One side effect of the degrader is that the distribution of proton energies becomes wider. 

The proton flux from 10
5
 particles cm

-2
s

-1
 to 10

8
 particles cm

-2
s

-1
 was used during testing. The 

beam spot size diameter is from 1 cm to 7.5 cm. 

7.3 Experimental Data  

As the secondary ion LET created by neutrons in terrestrial application environment is 

usually limited to no more than 15 MeV-cm
2
/mg [11], ion particles with five different LET 

values, which range from 0.44 MeV cm
2
/mg to 13.6 MeV cm

2
/mg (Table 7.1), are initially used 

in our heavy ion test. The results show that these LET values properly characterized the 

cross-section curve of the DC/DC chip. The SET pulses on PGOOD output are monitored using 

the programmed FPGA board to record the SET error information. We put down the fluence 

when the SET errors reached around 100. Table 7.2 shows the number of SET pulses observed 

 

Table 7.1 Heavy ions in the experiment 
 

Heavy Ion Energy (MeV) Range in Si (μm) 

LET 

 (MeV cm
2
/mg) 

Li 45 259.6 0.44 

C 78 122.2 1.77 

F 100 72.7 4.43 

Si 120 43.9 9.82 

Cl 145 41.2 13.6 
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along with the particle fluence and the resulting cross-section for heavy ion exposures. As 

expected, the cross-section of the circuit increases with an increase in the particle LET values 

and tends to reach the plateau in the end. 

In the laser testing, multiple wavelengths (750 nm, 800 nm, 850nm and 920 nm) are 

selected as the laser penetration depth (absorption coefficient) differs with wavelength. 

Cross-section curves similar to that of heavy ion are acquired as is in [8]. The only difference for 

the four wavelengths is the threshold energy. As a result, only the data for 920 nm is selected in 

this paper to compare with the proton data. The calibrated cross-section for 920 nm laser is 

shown in Fig. 7.2.  

The experiment results of the proton test are shown in Table 7.3. As relatively less SET 

errors are expected in the proton test, we record the fluence once the SET errors reached around 

50. Considering the terrestrial application environment of this chip, a primary energy of 65 MeV 

is used in our irradiation test. Range shifter is used to change the proton energy. The proton 

energy in Table 7.3 is the value after degrading. It must be noted that the use of degrader spread 

the distribution of proton energies. Two types of beam currents, namely 1 nA and 5 nA, are used. 

 

Table 7.2 Heavy ions test data 
 

LET 

 (MeV cm
2
/mg) 

SET 

Fluence 

(#/cm
2
) 

Cross-section (cm
2
) 

0.44 102 9.9×10
5
 1.03×10

-4
 

1.77 123 2.6×10
5
 4.73×10

-4
 

4.43 102 8.5×10
4
 1.2×10

-3
 

9.82 100 7.7×10
4
 1.3×10

-3
 

13.6 122 9.0×10
4
 1.36×10

-3
 

 



 

 

115 
 

We increased the current for the low energy test to increase the particle flux. The proton 

cross-sections are generally several orders of magnitudes below heavy ion and pulsed laser data 

as they mainly reflect the possibility of elastic reaction between proton and silicon atom rather 

than the real sensitive areas of the device. This is the mechanism especially for energy higher 

than 20 MeV. 

7.4 Analyses and Discussions 

Previous research has correlated the heavy ion and pulsed laser. Now, it will be very 

interesting to compare the proton data to those of heavy ion and pulsed laser. 

 

Table 7.3 Proton test data 
 

Current 

(nA) 

Energy 

(MeV) 

SET 

Fluence 

(#/cm
2
) 

Cross-section (cm
2
) 

1 57.6 58 5.8×10
9
 9.99×10

-9
 

1 48.8 53 6.64×10
9
 7.98×10

-9
 

1 35.5 51 7.42×10
9
 6.87×10

-9
 

1 27.1 49 7.68×10
9
 6.38×10

-9
 

1 20.7 38 8.08×10
9
 4.7×10

-9
 

1 13.7 15 9.13×10
9
 1.64×10

-9
 

5 9.0 9 1.62×10
10

 5.57×10
-10

 

5 4.8 4 0.582×10
10

 6.87×10
-10

 

5 3.9 0 4.17×10
10

 0 
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7.4.1 Heavy Ion vs. Proton Data 

Fig. 7.3 presents the total SET cross-section as a function of heavy ion LET values for the 

DC/DC PWM IC. The stopping range of the particles we used here are all more than 40 μm 

while the sensitive volume depth of the DUT is under 1 μm. In this case, the LET variation along 

with the penetration depth in silicon is ignorable. The black dots are the original data while the 

red curve is after Weibull Fitting. The heavy ion cross-section LHI （ ） given by Weibull Fitting 

Function is usually as: 

 

 {1 exp[ ] }, [ , )
L

0, ( , )

S

HI Sat th th

HI

th

L L W L L

L L





     

 
 

（ ）

                        (7.1)
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Figure 7.2 Calibrated energy vs. cross-section for 920 nm laser. 
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Where HI Sat   is the saturation cross-section value of the device, thL  is the threshold 

LET value to trigger an SET, and W and S are the width parameter and the dimensionless 

exponent, respectively. The saturated cross-section for this circuit is reached around an LET 

value of 5 MeV-cm
2
/mg. When the LET value is larger than 5 MeV-cm

2
/mg , saturation 

cross-section is reached at around 1.3×10
-3

 cm
2
. 

    Fig. 7.4 gives the general SET cross-section as a function of proton energy (the degraded 

energy using range shifter). The smallest and biggest cross-sections are seen at 9 MeV and 57.6 

MeV, respectively. The saturated cross-section from proton irradiation is 1×10
-8

 cm
2
 which is 

five orders of magnitude lower than that of heavy ion. This is expected as the probability of a 

secondary reaction between proton and silicon nucleus is very small, whereas each and every 

heavy ion will cause direct ionization to generate a charge track. The curve shows the same 

tendency as that of heavy ion for proton energy larger than 9 MeV. One interesting thing is, as 
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Figure 7.3 LET vs. cross-section for heavy ion. 
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the energy decreases from 9 MeV to 4.8 MeV, an increase in the cross-section is observed. 

However, no error is recorded at an even lower energy of 3 MeV. Considering the small error 

numbers at 4.8 MeV and 3 MeV, which are 4 and 0 respectively, the inconsistency can be the 

statistical error. Also from the equivalent LET vs. proton energy curve (Fig. 7.5) which was 

obtained by using the SRIM [12], it is seen that the LET values for proton energy of 9 MeV, 4.8 

MeV and 3 MeV are close to each other. As a result, the increase in the cross-section is unlikely 

because of the proton direct ionization. However, further proton evaluation needs to be 

performed between 1 MeV and 3 MeV to confirm and explain this phenomenon. 
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Figure 7.4 Proton energy vs. cross-section for proton. 
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In spite of the different mechanisms, there is relationship between the heavy ion and proton 

induced soft error rates. Previous studies have presented all kinds of models to calculate and 

correlate heavy ion and proton error rates [13 - 17]. As our DUT is based on an large feature size 

(600 nm), we simply chose a classic Rectangular Parallel Piped (RPP) (shown in Fig. 7.6) model 

to validate our data by estimating proton cross-section values from heavy ion data. As most 

models differ mainly by their cross-section at low proton energy [13], it is more meaningful to 

correlate the saturation cross-section values of heavy ion and proton. The model used here 

assumes that the sensitive volume of a transistor is equivalent to a rectangle with thickness d. In 

this case, the probability (p) for proton to have a nuclear reaction is 

 

                            
1 exp( )Sip n d    

                              (7.2)
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Figure 7.5 Proton LET vs. energy in silicon. 
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Where n is the number of silicon atoms per unit volume (5×10
22

 cm
-3

) and Si
 
is the 

cross-section of proton having elastic interactions with silicon. If the proton fluence for a unit 

area is Φ/cm
2
, (p Φ) number of protons will cause nuclear reactions. Ifεindicates the ratio of 

interactions with deposited energy higher than the threshold energy over all interactions, the 

number of SET observed, N, is given by 

 

[1 exp( )]SiN p n d         
                      (7.3)

 

 

As a result, the proton cross-section will be 

 

[1 exp( )]p SiN n d         
                             (7.4) 

 

Normally, 1Sin d   , so 

 

 

 

 

Figure 7.6 Rectangular Parallelepiped (RPP) model for proton. 
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p Sin d     
                                    (7.5)

 

 

Since ε has the similar meaning as heavy ion cross-section HI , therefore we can calculate 

the proton cross-section by replacing ε with LHI （ ）. Using (7.1), proton cross-section is given by 

 

 = {1 exp[ ] }S

p Si HI Sat thn d L L W        
                    (7.6)

 

 

Using this model, the proton saturated cross-section is calculated using heavy ion data.  

The calculations indicate that proton cross-section should be approximately 0.78×10
-8

 cm
2
. The 

experiment proton saturation cross-section is 1×10
-8

 cm
2
. These results agree well within the 

experimental errors, proving the validity of the model and the experiment data. Such a model 

will allow designers to estimate the proton as well as heavy ion SET vulnerabilities with just one 

set of heavy ion data. 

7.4.2 Pulsed Laser vs. Proton Data 

Previously, the heavy ion and pulsed laser data were correlated to each other by means of 

comparing the threshold energy and LET [8]. In that way, the equivalent LETs for energy per 

pulse for different wavelengths are developed. However, it is not easy to correlate the proton 

energy to the laser energy in the same method as proton induced SET has different mechanisms 

at high and low energy periods (indirect and direct ionizations). 

On the other hand, pulsed laser has the ability to develop similar cross-sections to that of 

heavy ion according to previous research [8], which means the saturated cross-sections for laser 
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and proton has the similar relationship as that between heavy ion and proton mentioned before. 

This relationship makes it straightforward to estimate the proton saturated cross-section from 

laser data as laser testing is relatively time and cost efficient compared with proton testing. 

7.5 Conclusions   

In this chapter, the SET sensitivity of a DC/DC converter IC is evaluated using heavy ion, 

proton and pulsed laser. As expected, the measured cross-sections for heavy ion and pulsed laser 

are orders of magnitude higher than that for high-energy protons. A model correlating heavy ion 

data with proton cross-section is evaluated to show a very good match with experimental data. 

The correlation of saturated cross-sections for pulsed laser and proton can be acquired through 

the heavy ion data as a medium. These set of data will allow designers to understand the SET 

vulnerability of DC/DC converter circuits for space applications.  

The very low LET threshold as well as high cross-section of the DC/DC PWM circuit 

presents a challenge for the designers for space and ground applications. Since stable DC power 

supplies are absolutely necessary for proper system-level operations, care must be taken to 

ensure that DC/DC converter circuits are properly evaluated and hardened for space 

environments. 
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8. SINGLE-EVENT TRANSIENT MEASUREMENT ON A DC/DC PWM 

CONTROLLER USING PULSED X-RAY TECHNIQUE 

 

Published as: 

Y. Ren, S.-T. Shi, L. Chen, R.-F. Feng, G. Guo, S.-J. Wen, R. Wong, N. W. van  Vonno, and B. 

L. Bhuva, “Single-Event Transient Measurement on a DC/DC PWM Controller Using Pulsed 

X-ray,” Journal of Microelectronics and Solid State Electronics, vol. 3, no. 1A, pp. 30-35, 2014. 

 

In the previous chapter, three main stream SEE evaluation methods are used to study the SEE 

response of a DC/DC PWM chip. The pulsed laser technique features well-controlled spatial and 

temporal precision while proton and heavy ion give more accurate nuclear irradiation responses.  

These methods dominate the SEE study field nowadays. However, these methods have limitations, 

respectively. For example, the pulsed laser is unable to penetrate metal layers on top of the die, 

which makes it difficult to study the devices under metal layers. While for proton and heavy ion 

testing, it is not easy to identify the exact irradiation spots. 

Recently, the pulsed X-ray begins to find its applications in SEE testing. It features metal 

penetration ability as well as precise spatial and temporal information. In this manuscript, the 

potential application of X-ray on the SEE testing of silicon-based devices is presented. Its 

advantages, such as much smaller resolution and metal penetration ability, are elaborated. The 

possible side effects of this technique are also discussed. These disadvantages include low 

absorption coefficient in material and total ionizing dose (TID) effect. The pulsed X-ray testing 

results are also compared with those of pulsed laser and heavy ion testing. The comparison 
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indicates that the pulsed X-ray technique has equivalent ability with pulsed laser and heavy ion in 

terms of generating SEE. In addition, it can also detect the sensitive devices underneath metal 

layers, which is a significant benefit over the pulsed laser technique. However, some different 

phenomena are also observed, which are not observed in the previous pulsed laser and heavy ion 

experiments. This difference in irradiation response is believed to be the results of some side 

effects from X-ray irradiation. To sum up, pulsed X-ray technique can be a good complementary 

tool to study SEEs, who possesses several obvious advantages over other counterparts. Yet some 

side effects need to be dealt with in the future study. 
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SINGLE-EVENT TRANSIENT MEASUREMENT ON A DC/DC PWM 

CONTROLLER USING PULSED X-RAY TECHNIQUE 

Y. Ren, L. Chen, S.-T. Shi, G. Guo, R.-F. Feng, S.-J. Wen, R. Wong, N. W. van Vonno, and B. 

L. Bhuva 

Abstract 

Pulsed X-rays were used to perform Single-Event Transient (SET) measurements on a 

COTS DC/DC PWM controller. The results were consistent with those of the previous heavy ion 

and pulsed laser tests, which indicates that the pulsed X-ray technique is a complementary tool to 

investigate SET. However, there are some limitations, such as low energy absorption of X-rays 

in silicon and total ionizing dose (TID) effects due to the X-ray irradiation, which need to be 

considered during X-ray applications. 

Index terms 

Pulsed X-ray Technique, Single-Event Transient, Pulse-Width Modulator (PWM), DC/DC 

Converter, Pulsed Laser, Heavy Ion. 

8.1 Introduction 

Currently, multiple testing techniques have been developed to perform Single-Event 

Transient (SET) investigation on electronic devices, such as heavy ion and pulsed laser 

techniques [1-3]. However, they both have some limitations. Heavy ion irradiation cannot 

provide precise time and physical location information of the ion hit, while the spot size of the 

pulsed laser is limited by its wavelength. A previous study showed that a picosecond pulsed 
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X-ray technique, which features metal penetration and sub-micrometer resolution, can induce 

SET in GaAs/GaN High Electron Mobility Transistors (HEMTs) [4]. This result suggests a 

potential application of pulsed X-rays in SET investigation in modern electronic devices. In 

addition, the pulsed X-ray technique has a potential to achieve much better spatial resolution 

(less than 50 nm) for generating a more precise sensitivity map for circuits. However, it is still 

not clear whether pulsed X-rays can induce SET pulses that are big enough to affect the system 

function in silicon based CMOS technology. In this paper, a commercial-off-the-shelf (COTS) 

DC/DC PWM controller based on 600 nm BiCMOS silicon technology was used to investigate 

the practical application of pulsed X-rays on SET measurement. This DC/DC PWM controller 

was previously studied using heavy ion and pulsed laser irradiations [5] and was found to have a 

low threshold Linear Energy Transfer （LET）. In other words, it requires a very low linear 

energy for the particles to trigger an SET. This makes it an ideal case to perform this study. 

Comparisons were made between the pulsed X-ray testing results and those from the previous 

heavy ion and laser experiments. 

The DC/DC PWM controller is the key part of the DC/DC converter circuit based on the 

pulse-width modulation technique shown in Fig. 8.1. The circuit contains a Pulse-Width 

Modulation (PWM) block, power switching transistors and passive components.  The PWM 

block further contains a PWM controller, a bandgap reference circuit, a soft-start circuit, and an 

error amplifier. The PWM block generates the signal that controls the duty cycle (designated as 

D) of the power transistor (or percent of time that the power transistor is ON). The converter 

topology determines the relationship between the DC input and output voltages. For the 

commonly used buck converter, the relationship is described by [6]. 
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                              o u t i nV DV                                               (8.1)   

 

The soft-start circuit limits the load current, shown as iL in Fig. 8.1, by means of modulating 

the duty cycle at the start up. PWM block also generates a “Power Good” signal through a 

Supervisory circuit (also shown in Fig. 8.1) to monitor the health of the DC/DC PWM controller. 

The supervisory circuit monitors all other blocks to generate the “Power Good” signal. 

System-level controllers monitor this “Power Good” signal with the assumption that any 

transitions represent faulty operation of the DC/DC converter. 

 

Figure 8.1 Block level circuit diagram for a DC/DC converter. 
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8.2 Experimental Details 

8.2.1 Device under Test (DUT) 

The DC/DC PWM controller under study is a triple regulator. It has two independent 

synchronously-rectified buck controllers and a linear controller to offer precise regulation of up 

to three voltage rails. The test circuit is shown in Fig. 8.2. Each of the three soft-start pins is 

connected to a capacitive load. The PGOOD pin is an open-drain pull-down device. When power 

is first applied to the IC, the PGOOD output is pulled low indicating an initial condition. After all 

three soft-start pins complete their ramp up with no faults (no shorts detected on the switchers), 

the power is considered “GOOD” as indicated by a high PGOOD pin. The nominal output 

voltage for PGOOD is 5.7 V for this DC/DC PWM. Our previous testing [5] showed that a 6-μs 

SET pulse appeared on the PGOOD pin when the chip was irradiated with either heavy ions or 

 

Figure 8.2 Test circuit for the complete DC/DC PWM controller. 
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pulsed laser beams. Our further analyze indicated that this is because the irradiation causes SET 

inside the PWM, which will cut off a NMOS current mirror on its propagation path when it is 

large enough. In this case, a 6-μs pulse is observed on PGOOD pin. On the other hand, if the 

SET inside the PWM is not large enough to cut off the NMOS current mirror, it will not 

propagate out and 6-μs pulse will not be observed on PGOOD pin. The 6-μs constant is the 

charging constant for a RC delay circuit connected to the current mirror. To sum up, a 6-μs pulse 

is only observed on PGOOD pin when the irradiation-induced SET inside the PWM is larger 

than a threshold. As a result, the PGOOD pin was used as an indicator in the pulsed X-ray 

experiments. 

8.2.2 Irradiation Facilities 

The pulsed X-ray facility used for this study is the Very Sensitive Elemental and Structural 

Probe Employing Radiation from a Synchrotron (VESPERS) [7] beam line located at the 

Canadian Light Source (CLS, Saskatoon, SK, Canada). VESPERS has a hard X-ray microprobe 

capable of providing high level complementary structural and analytical information. The 

machine was operated at “single-bunch” mode to produce X-ray pulses with a pulse duration of 

~540 ps and dark-gap of 570 ns (i.e., 1.75MHz). The energy of X-ray photons within the pulse 

ranges from 6 keV to 30 keV. Multi-bandpass and pink beam capabilities are built in to meet 

variable requirements. The spot size is around (2-4) μm by (2-4) μm. The sample setup for X-ray 

testing is shown in Fig. 8.3. The test board was screwed to the acrylic sample holder which was 

placed at 45 degrees with respect to the X-ray beam vertically for better illumination and 

irradiation. Note that this incident angle can affect the X-ray spot profile and degrade its 

resolution. 
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The heavy ion irradiation was carried out using the HI-13 tandem electrostatic Van de 

Graaff accelerator at China Institute of Atomic Energy (CIAE) in Beijing [8]. This broad beam 

facility is designed for single-event effect studies. It is capable of accelerating almost all the 

elements of the periodic table with a beam non-uniformity of less than 10% over an area of 10 

cm × 10 cm. A sample holder capable of holding four 254 mm × 254 mm test boards resides in 

the vacuum testing chamber whose diameter and height are both 1100 mm. The multiple choices 

of interfaces on the chamber wall, such as BNC and Sub D-9, facilitate the experiments. The 

fluence of the particles ranges from 9×104 cm-2 to 9.9×105 cm-2 with a beam size of 2 cm × 2 

cm. The heavy ion testing was performed in a vacuum chamber, which is shown in Fig. 8.4. As 

we can see, a metal frame is fixed onto the motorized plate inside the vacuum chamber. The 

DUTs are fastened onto the frame using screws. The PWM evaluation board in our testing is 

circled in red. 

 

Figure 8.3 The sample setup in the pulsed X-ray testing. 
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The laser induced SEE testing facility used in this work is located at the Saskatchewan 

Structural Sciences Centre (SSSC) at the University of Saskatchewan [5]. The basis of the laser 

scanning system is a Zeiss LSM410 confocal microscope which is located on a floating optical 

table to reduce mechanical vibration transfer to the instrument. The laser system is a Mira 900-D 

pumped by a Verdi V-10 (made by Coherent). It has a tunable Ti:Sapphire laser with wavelengths 

ranging from 700 nm to 1000 nm. The laser system is capable of emitting a continuous wave 

beam or picosecond and femtosecond pulses. It has a Pulse Picker 9200 which is a stand-alone 

accessory for the laser system to change the pulse repetition rate over the widest range available. 

It gives a repetition rate selection from 10 kHz to 75 MHz. 

8.3 Experimental Results 

 

Figure 8.4 Experimental heavy ion testing setup in the vacuum chamber. 
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In the X-ray experiment, a monochromatic X-ray pulse was applied to some sensitive nodes 

of the DUT (as determined by the laser scanning experiment [5]). The photon energy was varied 

from 7 keV to 20 keV. However, no SET (which is defined as a 6-μs or greater negative transient 

on the PGOOD pin) was observed on PGOOD pin of the DUT for these tests. For the next set of 

experiments, pink (polychromatic) X-ray pulses, which were composed of multiple bands and 

hence had much higher energy, were used to repeat the same experiments. 6-μs SET signatures 

were observed (Fig. 8.5) on the PGOOD pin only when the X-ray pulse struck the most sensitive 

region of the circuit. This sensitivity of different regions was determined through laser testing [5]. 

These results showed that the nine bipolar transistors (used as a delta Vbe generator) inside a 

bandgap sub-circuit was the most sensitive region to single-event effects, as shown in Fig. 8.6. 
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Figure 8.5 SET induced at PGOOD output by X-ray and laser. 
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Each one of the nine square blocks is a bipolar junction transistor. During this testing, the X-ray 

is not only applied to the active area, but also the different layers of metals. The 6-μs SET is 

observed all the time if only the X-ray is within the nine bipolar area. However, after 10 minutes 

of exposure, the X-ray beam failed to trigger any SET event even with maximum pink X-ray 

energy. As the experiment went on, it was also observed that the PGOOD output high voltage 

increased gradually from 5.7 V to 7.4 V. Later on, the PGOOD signal oscillated when X-rays 

were applied (Fig. 8.7). To be more specific, the PGOOD signature started to oscillate when the 

X-ray pulse was applied. The time durations of the negative glitches were in the order of several 

seconds. In addition, after the X-ray irradiation was stopped, the PGOOD went through an 

oscillation process for about 20 minutes before it was finally stabilized at 7.4V. The time 

duration of the glitches decreased gradually along with this oscillation until they reached several 

 

Figure 8.6 Sensitive areas in the pulsed X-ray testing. 
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hundred milliseconds. This complex phenomenon was not observed for previous heavy ion and 

laser experiments. This time-dependent phenomenon is a direct result of total dose effects as 

discussed below. 

The heavy ion (HI) and laser (800 nm) experiment results are shown for reference in Fig. 

8.8. The HI cross-section was acquired by divided the SET counts (the number of the 6-μs glitch) 

by the HI fluence. The laser cross-section was acquired based on the same principle by 

considering each pulse as a particle hit. The cross-section curves both show the conventional 

Weibull shape. The LET threshold was so low that a significant number of errors were recorded 

even at an incident LET of 0.44 MeV-cm
2
/mg. The saturation value of cross-section was reached 

at particle LET of 4.43 MeV-cm
2
/mg. 

 

Figure 8.7 Irregular oscillations at PGOOD pin. 
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8.4 Discussions 

From the X-ray experiment results, it is observed that the pulsed X-rays generally have the 

same ability as the pulsed laser and heavy ion in terms of inducing SET in the DC/DC PWM 

controller fabricated in 600 nm BiCMOS technology. It is obvious from our experiment that 

pulsed X-ray technique has its own advantages over both pulsed laser technique and heavy-ions 

in terms of SET evaluation. For example, when the pulsed laser is applied to the metal layers of 

the die, no SET will be ever observed because the pulsed laser will be blocked by the metal. It is 

a different situation for pulsed X-ray who has the capability to penetrate the metal. This 

advantage is supported by our testing when the pulsed laser is applied to metal layers and the 

SET appears. The pulsed X-ray is much more convenient in locate the sensitive devices 

compared with its heavy-ion counterpart. Our experiment clearly showed that the nine bipolar is 
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Figure 8.8 The heavy ion and laser experiment results. 
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most sensitive while it will be harder for heavy-ion testing to get this information. However, 

there are some aspects that need further study.  

First, the X-ray charge deposition level in the sensitive volume is different from that observed 

for heavy ion and pulsed laser tests. The X-ray photon has higher energy than the pulsed laser 

photon. However, its absorption is much lower. The X-ray absorption mainly depends on the 

target material, the sensitive volume thickness and the X-ray energy. For example, the energy 

absorption of a 30 KeV X-ray photon in 1 μm silicon is around 0.027% [9]. This low absorption 

coefficient reduces the charge deposition in the sensitive volume of the chip. As a result, it is 

difficult to generate an effective chip-level SET unless the required critical charge at the specific 

node is small. In our testing, monochromatic X-rays failed to cause SET in the PWM chip. Our 

pulsed laser experiments showed that the PGOOD SET threshold laser energy for this DC/DC 

PWM controller is 1.2 pJ for 800 nm laser wavelength, and heavy ion experiments showed a 

threshold LET of less than 0.4 MeV-cm
2
/mg. The results imply that samples have to have low 

threshold LET in order to be suitable for pulsed X-ray study. These results also imply that the 

pulsed X-ray diagnostic technique is applicable only to low SET threshold commercial devices 

and is at least for the present of limited utility for investigating formally SET hardened part types. 

Further experiments are required to correlate the X-ray energy in silicon technologies to other 

experimental results using pulsed laser and HI irradiation. We are correlating the energy using a 

diode fabricated in the IBM 130 nm CMOS technology. 

Second, total ionizing dose (TID) affects the validity of the SET test results. TID is a 

potential limitation to SET investigation using the pulsed X-ray technique. In our testing, the 

laser instead of X-ray fluorescence was used to image the chip, which diminished the X-ray 

irradiation. However, TID effects were observed during the testing, with the maximum PGOOD 



 

 

139 
 

SET voltage level increasing for successive tests, especially when the pink X-ray beam was used. 

This maximum voltage level increase was found to be non-recoverable even when a power cycle 

is applied or the DUT was powered off for five days. TID also changed the X-ray pulse threshold 

energy of the DUT. As a result, even the pink (higher energy) X-ray pulse was unable to induce a 

6-μs SET after the X-ray irradiation. This is believed to be due to gain degradation of the bipolar 

transistor devices in the bandgap sub-circuit caused by the X-ray irradiation. The TID effect is 

more serious in complex analog/mixed signal system as the changes in device parameters along 

with the complex circuit architecture tend to cause unexpected system responses such as the 

oscillation we observed in our case. 

8.5 Conclusions 

This paper compares SET testing results using the pulsed X-ray technique with earlier 

results using the heavy ion and the pulsed laser. The advantages and limitations of the pulsed 

X-rays as a practical method for SET investigation were presented and analyzed. The results 

show that the pulsed X-ray technique is a potential tool to study SEE, especially for devices with 

low threshold LET. It has its own advantages over both pulsed laser technique and heavy-ions 

evaluation method. It is easier to locate the sensitive devices with pulsed X-ray than heavy-ions 

evaluation. Also, it is more accurate than pulsed laser technique in terms of pinpoint the sensitive 

area due to its capability to penetrate metal layers. For example, the laser will not detect the 

sensitive area if it is underneath metal layers while pulsed X-ray can make it as well. However, 

its low effective LET and the effects of TID may present potential problems for general 

applications. Also, future work including testing of a diode structure will be done to correlate 

pulsed X-ray results with those obtained earlier for pulsed laser simulation in silicon technology. 
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The diode has the advantage of simple structure over the DC/DC PWM controller in SET 

investigations. In other words, the diode can show the initial width and amplitude of the SET 

while the DC/DC PWM controller is blocking the information due to the components on the SET 

propagation path. As a result, more insights on X-ray induced SET will be gained in our future 

study using the diodes. 
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Laser Technique,” IEEE Transaction of Nuclear Science, 2014. 

 

In the previous chapter, a commercial-off-the-shelf DC/DC PWM converter chip based on 

BiCMOS technology was evaluated using multiple irradiation methods, such as heavy ion, 

proton, pulsed laser and X-ray. And the bandgap reference sub-circuit was determined to be the 

most vulnerable block to SET. The SPICE simulations and TCAD modeling were also used to 

verify the conclusions. However, as the CMOS technology becomes increasingly dominant in 

modern IC design, it is both significant and necessary to study the SET sensitivity of the CMOS 

bandgap reference circuits. 

In this chapter, a bandgap reference circuit similar to the one in the DC/DC PWM chip was 

redesigned and fabricated in IBM bulk CMOS 130nm technology. The SET sensitivity of 

different devices was studied using the pulsed laser technique. Unlike the previous study in the 

BiCMOS DC/DC PWM chip, the PTAT generator transistors (previously mentioned as 3 by 3 

areas) are not the most sensitive devices. The reason is determined to be the different bipolar 

structures in BiCMOS and bulk CMOS technologies. Further analysis is performed to explain the 

difference between the two technologies. This knowledge also gives hints to radiation hardened 

by design techniques.   
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The Single Event Transient Study of a CMOS BGR Using Pulsed Laser 

Technique 

Y. Ren, and L. Chen, 

Abstract 

This paper investigates the single event transient (SET) response of a bandgap reference 

(BGR) circuit fabricated in standard CMOS technology using pulsed laser technique. Our 

experiment shows that CMOS substrate PNP transistors can dramatically decrease SET 

sensitivity of BGR circuits when being used to generate proportional to absolute temperature 

(PTAT) current. The mechanisms for this phenomenon are discussed and analyzed. This also 

gives hints on the radiation hardened by design (RHBD) techniques. For example, the substrate 

PNP transistor is a preference in BGR circuits design and fabrication, especially when SET is a 

concern. 

Index terms 

single-event transient (SET), bandgap reference (BGR), pulsed laser, CMOS, BiCMOS, 

radiation hardened by design (RHBD), substrate bipolar transistor, current gain. 

9.1 Introduction 

Single event transients (SETs) have always been a main source of soft errors in modern 

electronic devices [1-2]. It takes the form of a temporal current or voltage perturbation when 

energetic partials hit and traverse the sensitive nodes in the circuits. To be specific, the particle 

ionizes the material and generates electron-hole pairs along its track. These extra carriers cause 
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temporary voltage or current variations.   

SETs affect the performance or function of many kinds of electronic devices, one important 

type of which is the BGR circuit [3-4]. The basic function of BGR is to provide a stable voltage 

reference independent of the voltage and temperature variations. It finds a wide range of 

applications in modern electronic devices. For example, it can be used to provide a voltage 

standard for comparator circuits. Also, in an analog-to-digital converter (ADC) system, the 

accuracy of BGR severely limits the resolution of ADC. As a result, the SET in the BGR is a 

threat to the whole electronics system.  

Our previous study indicates that a BGR circuit failure caused by SET seriously affects the 

function of the DC/DC PWM chip it resides in [4]. In other words, when the energetic particle 

hits the BGR and SET arises, a subsequent POR circuit receiving voltage reference from BGR is 

affected and sends fault reset signals to the DC/DC chip. As a result, a voltage glitch will be 

observed at its PGOOD pin. Our further study indicated that the most sensitive devices were two 

analog bipolar NPN transistors working as proportional to absolute temperature (PTAT) current 

generator. Note that this BGR was based on BiCMOS technology. 

In this paper, the previous tested BiCMOS BGR circuit is redesigned and fabricated in 

standard CMOS technology, where the PTAT current generator is realized using CMOS 

substrate PNP transistors. The CMOS technology has dominates the IC fabrication industry due 

to its lower power dissipation, larger integration capability, and lower cost compared to its 

BiCMOS counterpart. As a result, it is both significant and necessary to investigate the SET 

response of the BGR based on the CMOS process. The CMOS BGR is investigated with pulsed 

laser technique. However, unlike in the BiCMOS BGR, the PTAT current transistors in the 
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CMOS BGR are not sensitive to SET any more. In fact, no SET was observed when the laser is 

applied to them. This phenomenon is mainly because the CMOS substrate PNP transistor has 

much smaller current gain beta (β) than the analog bipolar NPN transistor. A significantly 

smaller beta means a smaller amplification of the base region SET current. As a result, it 

dramatically suppresses the current and voltage variations at the emitter node. This 

understanding also finds its applications in RHBD technique, where CMOS substrate PNP 
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Figure 9.1 (a) The schematic of the BGR circuit; (b) The schematic of the AMP circuit. 
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transistors can be used as much as possible to mitigate the potential SET effects in the BGR 

circuit. 

9.2 Device under Test 

The schematic of the CMOS BGR under test is shown in Fig. 9.1(a). Q1, Q2, and R1 

generate the PTAT current, which is injected into R2 by means of the current mirror composed 

of M1, M2, and M3. The output of the BGR circuit is the voltage sum of R2 and VBE3, which is 

expressed in (9.1) 

2
3 2 1

1

( )BGR BE BE BE

R
V V V V

R
  

                     (9.1)

 

As is known, the base-emitter voltage VBE3 has a negative temperature coefficient (TC). 

Meanwhile, the voltage difference between VBE2 and VBE1 provides a positive TC. As a result, 

if the ratio of R1 and R2 is properly set, a temperature independent output voltage can be 

acquired (VBGR). Note that Q1, Q2, and Q3 are designed by CMOS substrate PNP transistors 

here while they are realized using analog bipolar NPN transistors in the previously tested 

BiCMOS BGR circuit [4].  

For better presentation of the data in the following sections, the schematic of the amplifier 

(AMP) is also elaborated in Fig. 9.1(b). As we can see, this AMP is composed of three parts. The 

first part is a startup circuit. It prevents the circuit from going into zero current state in the 

power-on process by drawing a small current from P2. When the power supply reaches its 

designated value, P3 will be turned off. As a result, there is no extra power dissipation. The 

second part is a current source. It generates a current which is mirrored to bias the subsequent 

core AMP circuit. The third part is a classic five-transistor AMP circuit. 
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9.3 Experimental Details 

9.3.1 Irradiation Facility 

The irradiation facility used here is the pulsed laser system located in SSSC at University of 

Saskatchewan. It includes a Ti:Sapphire pulsed laser facility and a Laser Scanning Microscope 

(LSM). The schematic for the laser facility is described in Fig. 9.2.  

The pulsed laser system uses a continuous wave (CW) green diode-pumped solid-state 

(DPSS) laser as the pump laser, which provides 18W output at 532 nm. Its output goes into a 

regenerative amplifier (RegA) who uses Ti:Sapphire as its gain medium. The RegA can provide 

a repetition rate from 10 Khz to 300 Khz internally. To achieve an even lower repetition rate for 

the testing, an external signal generator is connected to its time controller. In fact, 1 KHz is used 

in our experiments. Note that the RegA is also seeded with a femtosecond pulsed laser. The pulse 

energy of the seed laser is amplified dramatically by the RegA. After that, it will be injected into 

 

 

Figure 9.2 The laser facility setup. 
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an optical parametric amplifier (OPA) which extends the wavelength coverage. In our 

experiment, the 800 nm laser is adopted. The final output of the pulsed laser system is merged 

with imaging laser and sent to the optical path of the LSM as is shown in Fig. 9.2. The imaging 

laser is applied on the DUT and its reflection photons are collected by a detector and sent to the 

computer for image processing. The X-Y-Z directions are fully controlled from the computer end 

with a step size of 0.05 μm for XY and 0.1 μm for Z. During the scanning, the area is divided 

into 256 by 256 pixels with a dwell time of 5 μs on each pixel. Thanks to the 50X objective, the 

minimum area can reach to 3.84 μm by 3.84 μm, which gives us decent accuracy in the 

experiments. An Agilent DSA90404A high speed oscilloscope with 4 GHz bandwidth is used to 

trigger the SET on the output of the BGR circuit. 

9.3.2 Experimental Results 

Normally, SET is characterized by two parameters, which are transient amplitude and 

duration [5]. Following this idea, the laser beam is applied to each device separately and the 

BGR circuit output change on the oscilloscope is monitored. Considering the relatively simple 

structure of the circuit, this testing procedure is feasible. Also, during our circuit design, the 

exclusive layer was set on the circuit layout. This means no metal filling is allowed inside the 

area defined by it. In this way, all the devices of interest are exposed and ready to the laser 

irradiation. The minimum irradiation area for the laser system is 3.84 μm by 3.84 μm. This value 

is comparable with or smaller than the device dimensions. For example, the dimension for Q2 is 

5 μm by 10 μm. This provides us with enough resolution to isolate the effect of each device. 
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As we can see from Fig. 9.3, no measurable SETs were observed when the laser beam was 

applied to Q1 and Q2 until the laser energy reached around 22 nJ. As the energy went to 91 nJ, 

the SET amplitude increased to around 50 mV. For N1 (N2) and P1 (P2), a measurable SET can 

be observed at 0.55 nJ and 2.4 nJ, respectively (Fig. 9.4 and Fig. 9.5). However, N1 (N2) 

exhibited positive SET while P1 (P2) was negative. When the laser energy increased, the 

amplitudes for N1 (N2) and P1 (P2) also saw a fast trend compared with Q1 and Q2. To sum up, 

the CMOS transistors, such as N1 (N2), and P1 (P2) exhibits larger SET response to the laser 

irradiation. This sensitivity response is different from our previous tested BiCMOS BGR, where 

Q1 and Q2 were fabricated in bipolar NPN transistors. In our previous testing, Q1 and Q2 were 

most sensitive to laser irradiations. 

9.4 Discussions 

The experiment data indicates that Q1 and Q2 are the least sensitive transistors in the 
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Figure 9.3 SETs for transistors Q1 (Q2) at laser energies of 22 nJ, 45 nJ and 91 nJ. 
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CMOS BGR. However, they were the most sensitive devices in our previously tested BiCMOS 
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Figure 9.5 SETs for transistors P1 (P2) at laser energies of 2.4 nJ, 4 nJ and 4.5 nJ. 
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Figure 9.4 SETs for transistors N1 (N2) at laser energies of 0.55 nJ, 1.1 nJ and 1.2 nJ. 
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BGR. The two BGR circuits have similar architecture. As a result, the difference is caused by the 

internal differences between BiCMOS and CMOS bipolar transistors. 

Before further discussion, it is necessary to illustrate the SET mechanism in a bipolar 

transistor. We can elaborate this point based on a typical bipolar NPN. The cross-section and 

schematic of the device is shown in Fig. 9.6. Note that the vertical scales for all the device cross 

sections are exaggerated for clarity. When the transistors work as PTAT current generator, the 

base-collector junction is short while the base-emitter junction is biased in forward active region. 

In the case of a particle penetration in the base-emitter junction, extra carriers will be deposited. 

This phenomenon is shown in Fig. 9.7. As the base-emitter junction is forward biased and the 

base node is connected to relatively high voltage, the electrons quickly escape from the base 

contact leaving the holes. Some holes will be consumed in base recombination while the rest will 

be swept from base to emitter by the electric field and recombined there. Generally, during 

 

 

Figure 9.6 Cross-section for bipolar NPN transistor. 
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particle penetration, a temporary current injection happens in the base region. This current will 

be amplified according to the following equation: 

 

 

Figure 9.7 SET process in the base-emitter region of a bipolar NPN transistor. 
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                             C BI I
                               (9.2)                

 

Beta (β) is the current gain of the transistor. As a result, a larger current conduction happens 

between collector and emitter. And a voltage variation is observed in the circuit. 

From the foregoing discussion we can see, beta (β) plays a critical role in the amplification 

of SET current in bipolar transistors. In other words, a smaller beta can mitigate the SET glitch 

to some sense. In fact, the beta of CMOS substrate PNP transistor (5-10) is much smaller than 

the analog bipolar NPN transistor (200 -1000). The big difference is mainly derives from the 

following facts: 

1. The thick and heavily doped N-well in modern CMOS technology increases the Gummel 

number. As is shown in Fig. 9.8, a substrate PNP transistor uses N-well as its base region. 

Compared with the base of typical bipolar transistor shown in Fig. 9.6, the N-well is thicker, 

which decreases the possibility of carriers being swept from emitter to collector. Also, the N-well 

is more heavily doped than the base region in a typical bipolar transistor, which increases the 

possibility of carrier recombination. In other words, when the majority carriers flow through 

emitter to base, they become minority carriers. These minority carriers become more likely to 

recombine if the base region is heavily doped. All these facts increase the base Gummel number. 

Since this value is inverse proportional to beta, a smaller beta is acquired. 

2. Thinner and more lightly doped source/drain region in CMOS technology. As we can see from 

Fig. 9.8, the CMOS substrate transistor is taking source/drain region as its emitter. The even 

thinner source/drain region will decrease the emitter injection efficiency. Commonly, if the 

emitter is thin enough, the carriers injecting into the emitter from base will traverse over it before 

they recombine in the emitter region. This will decrease the minority concentration in emitter 
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and hence increase the carrier gradient. As a result, it draws more current from base in the form 

of an increasing diffusion current. Note that the increases in diffusion current also accelerate the 

dissipation of the extra carriers deposited by particle strike. Fig. 9.9 shows a TCAD simulation 

result of an SET current generated by the ion penetration based on the bipolar NPN transistor 

model we designed. The sharp peak current is contributed by the drift collection while the 

subsequent wide current is caused by diffusion collection. As a result, the increase in diffusion 

current will accelerate the diffusion charge collection and hence decrease the SET duration. 

3. Holes have smaller mobility than electrons. The PNP transistor has smaller beta compared 

with their NPN counterpart because the mobility of the hole is around one third of the electron 

mobility. For PNP transistors, the holes are collected at the collector while it is electrons for 

NPN. The smaller mobility of holes makes them slower in the transition and hence more likely to 

recombine in the base region. 

To sum up, all these evidences explain how the CMOS substrate PNP transistor exhibits a 

 

 

Figure 9.8 Cross-section for bipolar PNP transistor. 
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much smaller beta than the typical bipolar NPN one. The degradation in beta helps to mitigate 

the SET glitch. 

9.5 Applications 

The SET immunity of substrate PNP transistor also finds its application in RHBD field. 

Normally, designers of analog/mix signal ICs seek large beta bipolar transistors to take the 

advantage of their excellent amplification capability. But for the BGR circuit design, we utilize 

the well predicted linear temperature coefficient of base-emitter voltage rather than their current 

amplification capability. The base-emitter voltage can be expressed as follows [6]: 

0 ln( )C
BE g

E

IkT
V V

q A CT
 

                       (9.3)

 

Where Vg0 is the extrapolated bandgap voltage at 0K, k is Boltzmann’s constant, q is the 

electron charge, AE is the emitter area, C and η are process dependent constants. As we can see, 

 

 

Figure 9.9 TCAD simulation of SET current in a bipolar NPN model. 
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the main parameters affecting the temperature coefficient of the base-emitter voltage are the 

process dependent C and η. However, different processed, such as CMOS and BiCMOS, will not 

affect its first order linearity over temperature. As a result, BGR with CMOS substrate transistors 

can have a temperature coefficient as good as that of analog bipolar transistors.  Also, the cost 

of CMOS substrate transistors is lower. In addition, the substrate PNP transistor has much better 

SET immunity according to our study in this paper. To sum up, the CMOS substrate PNP 

transistor is a preference for BGR circuit designing and fabrication, especially when SET is a 

concern. 

9.6 Conclusions 

This paper discussed the SET response of a CMOS BGR circuit. The investigations were 

performed via pulsed laser irradiation facility. The results were compared with a previously 

tested BiCMOS BGR circuit. The PTAT voltage generator in CMOS BGR was not sensitive to 

laser irradiation while it was the most sensitive device in the BiCMOS BGR. The reason for this 

difference is the much lower current gain (β) of a CMOS substrate PNP transistor than that of an 

analog bipolar NPN transistor in BiCMOS technology. Comprehensive analysis is presented in 

terms of device physics and fabrication process to explain this phenomenon. In summary, the 

substrate PNP transistor in CMOS technology has better SET immunity than the analog bipolar 

NPN transistor in BiCMOS. 

The application of this SET immunity in the RHBD of BGR is also elaborated in this paper. 

The effect of different processes, such as BiCMOS and CMOS, on the temperature dependence 

of base-emitter voltage was discussed. As far as is concerned, the CMOS substrate PNP 

transistor has temperature linearity as good as the analog bipolar NPN transistor. As a result, the 
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CMOS substrate PNP transistor is suggested for BGR design and fabrication, especially when 

SET immunity is taken into consideration. 

Acknowledgements 

The authors would like to thank CMC for its support in the BGR chip fabrication. Also, we 

appreciate the effects from SSSC at University of Saskatchewan. Their hard work guarantees the 

smooth operation of the pulsed laser system used all through our experiments. 

References 

[1] S. Buchner and D. McMorrow, “Single-event transients in bipolarlinear integrated circuits,” 

IEEE Trans. Nucl. Sci., vol. 53, pp. 3079–3102, Dec. 2006. 

[2] C. Poivey, J. Barth, J. McCabe, and K. Label, “A space weather event on the microwave 

anisotropy probe,” in Proc. RADECS Conf., Padova, Italy, Sep. 19–20, 2002, pp. 43–46. 

[3] A. Zanchi, S. Buchner, C. Hafer, S. Hisano,  and D. B. Kerwin, " Investigation and 

mitigation of analog SET on a bandgap reference in triple-Well CMOS using pulsed laser 

techniques," IEEE Trans. Nucl. Sci., vol. 58, no. 6, pp. 2570-2577,  Dec. 2011. 

[4] Y. Ren, L. Fan, L. Chen, S.-J. Wen, R. Wong, N. W. van Vonno, A. F. Witulski, and B. L. 

Bhuva, “Single-Event Effects Analysis of a Pulse Width Modulator IC in a DC/DC 

Converter,” Springer Journal of Electronic Testing, vol. 28, no. 6, pp. 877–883, Dec. 2012. 

[5] S. Buchner and D. McMorrow, “Single-event transients in bipolarlinear integrated circuits,” 

IEEE Trans. Nucl. Sci., vol. 53, pp. 3079–3102, Dec. 2006. 

[6] M. A.P.Pertijs, G. C. M. Meijer, and J. H. Huijsing, “Precision Temperature Measurement 

Using CMOS Substrate PNP Transistors,” IEEE Sensors Journal, vol. 4, no. 3, pp. 294-300, 

Jun. 2004. 

 

  



 

 

158 
 

10. A RHBD BANDGAP REFERENCE UTILIZING SINGLE EVENT 

TRANSIENT ISOLATION TECHNIQUE 
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In the previous chapters, the SET sensitivity of a commercial-off-the-shelf DC/DC PWM IC 

has been comprehensively studied using multiple irradiation methods, such as heavy ion, proton, 

pulsed laser and X-ray techniques. The results indicated that the SET sensitivity of a bandgap 

reference circuit can dramatically affect the performance or function of the system it resides in. 

Even though many RHBD techniques are developed by researchers, little work is done to 

mitigate the SET in bandgap reference circuits. As a result, it is particular meaningful to seek a 

method to mitigate the SET sensitivity of bandgap reference circuits. 

In this chapter, a novel SET hardened bandgap circuit based on SET isolation technique is 

proposed and tested. The sample circuit is fabricated in IBM bulk CMOS 130nm technology. 

The structure can dramatically suppress the SET amplitude by temporarily isolating the output 

from the bandgap core circuit. In this way the majority of the SET glitch will be prevented from 

propagating to the output. The pulsed laser technique is used to verify the test structures. The 

experimental data show a decent mitigation of the SET effects. The SPICE simulation is also 

performed, whose results are consistent with those of the pulsed laser test. This structure 
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provides more choices in designing RHBD bandgap reference circuits for engineers and 

researchers in this area.    
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A RHBD Bandgap Reference Utilizing Single Event Transient Isolation 

Technique 

Y. Ren, and L. Chen, 

Abstract 

A novel radiation hardened by design (RHBD) structure to reduce the single event transient 

(SET) amplitude in analog circuits is presented in this paper. This structure features a SET 

isolation technique, which contains a sensor and a switch. The sensor turns off a switch on the 

detection of a voltage transient in the sensitive node, in which case the core circuit is isolated 

with the output temporarily. Once the voltage at the sensitive node recovers, the sensor turns on 

the switch again to connect the core circuit to the output. This structure is integrated and 

validated on a typical bandgap reference circuit, which is fabricated in IBM 130 nm technology. 

The simulation results show a significant reduction in the SET amplitude, which is also verified 

with the pulsed laser. The additional sensor and switch in the circuit do not bring extra power 

dissipation if they are properly chosen. The area overhead is neglectable by selecting the 

appropriate size for the RHBD structure. 

Index terms 

Radiation hardened by design (RHBD), single-event transient (SET), bandgap reference, 

pulsed laser, SET isolation. 

10.1 Introduction 

Single event transients (SETs) have been a main source of soft errors in electronic devices 
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[1-2]. It is the interaction between particles and atoms in the material (usually silicon) when 

particles penetrate the sensitive regions of a device, such as the reversed biased p-n junction. To 

be more specific, the energized particle ionizes the material atoms and generates electron-hole 

pairs, which are collected by the electric field in the p-n junction. This causes current and voltage 

perturbations in electronic devices, which propagate through the circuitry and hinder the system 

function, or even lead to system failures. As a result, it is both significant and necessary to 

develop innovative techniques to harden circuits against single events.  

As a critical component in modern electronic systems, the bandgap reference circuit plays a 

key role by giving the stable and independent voltage reference in multiple circuit modules, such 

as DC/DC converters, low-dropout regulators (LDOs), analog-to-digital converters (ADCs), 

digital-to-analog converters (DACs), and comparators. It also serves as a reference signal in 

complex analog/mixed signal systems. For example, it can be monitored to give a power-on reset 

and power-good signal in complex systems. As a result, SET on bandgap reference dramatically 

affects the performance and function of the circuits and systems. Bandgap reference is reported 

to be increasingly sensitive to SET [3-4] in recent years. Even though there are some studies on 

radiation hardened PLLs [5-7] and amplifiers [8-10], these RHBD techniques are only limited to 

these specific circuits and little work is done to harden the bandgap reference circuits. As a result, 

it is both significant and necessary to develop RHBD bandgap reference voltage circuits. 

In this paper, a RHBD structure specified to bandgap reference circuits is presented and 

analyzed. It isolates the core bandgap circuit from the output temporarily on the detection of SET 

at the sensitive nodes. When the SET event disappears, the core circuit will be coupled to the 

output again. In this way, the SET amplitude at the output of the circuit is reduced dramatically. 

This structure is integrated into a bandgap reference circuit implementing in IBM 130 nm 
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technology and tested with a pulsed laser with various laser energies. The test results show 

obvious suppression on the amplitude of the SET at the output. The paper is organized as follows: 

Section Ⅱ proposed the concept and the simulation of a RHBD structure based on SET 

isolation technique while Section Ⅲ described the implementation of the structure integrating 

into a typical bandgap reference circuit in bulk CMOS 130nm technology. The test facility and 

results are illustrated in Section Ⅳ following which is the analysis on the SET hardened 

bandgap reference circuit in Section Ⅴ . Finally, the conclusions and future work are 

summarized in Section Ⅵ. 

10.2 SET Isolation Structure 

In analog/mixed signal circuits, there can be many potential sensitive nodes to the SET. For 

example, the structure on the left part of Fig. 10.1 is a current path. If the SET happens at the 

 

 

Figure 10.1 Schematic for the RHBD structure. 
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node A, it will propagate to the output and affect the function of the subsequent circuits. Now a 

sensor and a switch can be added between the node and the output to isolate the output when 

SET happens. To be more specific, when there is a SET voltage glitch at the node, the sensor 

will sense this voltage variation and turn off the switch temporarily. As a result, the SET voltage 

at A fails to propagate to the subsequent circuitry. 

One implementation for the sensor and switch is the inverter and the transistor transmission 

gate as shown in Fig. 10.2. In the case of a negative SET voltage glitch, an inverter and a PMOS 

transistor switch can be applied. The threshold of the inverter can be tuned to be a little lower 

than the expected voltage level of the node. So in normal working condition, the input of the 

inverter is considered to be logic high which results a logic low output. The inverter output is 

connected to the gate of the PMOS transistor. As a result, the PMOS transistor is turned on (deep 

triode region) due to the low input at its gate. Now, when a SET happens at A, the voltage drops 

 

 

Figure 10.2 The implementation of the Switch and Sensor. 
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at the inverter input. As a result, the inverter outputs a signal high to turn off the PMOS transistor, 

in which way, the output of the circuit is isolated with the SET propagation.   

There are some considerations in designing this structure. First, the inverter delay should be 

minimized and the slope from high to low (or otherwise) should be sharp to increase the 

sensitivity of the sensor. In our design, IBM 130 nm process is used. Its minimal inverter delay is 

around 20 ps. And multiple inverters can be used to increase the slope of the transfer curve. 

According to the SPICE simulation, the slope of three-stage inverter is much sharper than that of 

one-stage while it is comparable to that of five-stage inverter. As a result, three-stage inverter is 

selected to implement the sensor. Second, the dimension of the switch transistor should also be 

minimized to reduce the possibility of being hit by particles. It can also make the transition 

faster.  

After considering all aspects and properly selecting the devices, the simulation results for a 
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Figure 10.3 Simulation result of the RHBD structure. 
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generic structure in Fig. 10.1 is shown in Fig. 10.3. Note that this simulation is presented to show 

the effect of the RHBD structure in terms of mitigate the SET amplitude. To be specific, the 

normal operation voltage at node A is 6.6 V. In the simulation, a double exponential current 

stimulus is used to characterize the effect of SET in node A. The peak current is set to be 500 μA 

with a rising time and falling time of both 10 ps. And the pulse duration is set to be 1 fs. As we 

can see, the amplitude of the SET voltage is dramatically reduced. In this case, the SET 

amplitudes with and without the RHBD structure are 0.0048 mV and 0.077 mV, respectively. In 

other words, the SET amplitude at the output is decrease to around 6% of its original value. 

10.3 Radiation Hardened Bandgap Reference  

The SET isolation technique is further applied to a bandgap reference circuit shown in Fig. 

10.4. The core circuit is a typical bandgap reference circuit. Q1, Q2, and R1 generate the PTAT 

current, which is injected into R2 by means of the current mirror composed of M1, M2, and M3. 

 

 

 

Figure 10.4 Schematic of the RHBD BGR circuit. 
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The output of the BGR circuit is the voltage sum of R2 and VBE3, which is expressed in (10.1) 

                2
3 2 1

1

( )BGR BE BE BE

R
V V V V

R
  

                          (10.1)

 

As is known, the base-emitter voltage VBE3 has a negative temperature coefficient (TC). 

Meanwhile, the voltage difference between VBE2 and VBE1 provides a positive TC. As a result, if 

the ratio of R1 and R2 is properly set, a temperature independent output voltage can be acquired 

(VBGR). One PMOS transistor switch is added to output N of the core BGR circuit. In a normal 

operation, the voltage at node N is a little higher than the pre-tuned inverter threshold. As a result, 

the output of the inverter chain is logic low and the PMOS switch is on. However, when SET 

results a negative glitch at node N, the sensor (three-stage inverter chain) will detect the voltage 

variation and cut off the PMOS switch connected to node N. In this way, the gate of M3 is 

floated temporarily and the SET effect is isolated with the output. And when the voltage at node 

N restores, the output of the three-stage inverter chain goes to logic low again to turn on the 

PMOS switch. The whole BGR circuit goes back to normal operation. 

The chip under test is fabricated in IBM 130 nm technology, which is a mainstream process 

for analog/mix signal integrated circuit design currently. This technology features eight metal 

layers fabrication. The layout of the bandgap is specially designed so that the metal coverage on 

the sensitive areas is minimized. As a result, it is easier for the laser to hit the active areas. The 

nominal operation voltage for this bandgap is 2 V and the expected output voltage of the 

bandgap reference circuit is designed to be 1.21V. 
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10.4 Chip Test Results  

10.4.1 Irradiation Facility 

The irradiation facility used here is the pulsed laser system located in SSSC at University of 

Saskatchewan. It includes a Ti:Sapphire pulsed laser facility and a Laser Scanning Microscope 

(LSM). The schematic for the laser facility is illustrated in Fig. 10.5.  

The pulsed laser system uses a continuous wave (CW) green diode-pumped solid-state 

(DPSS) laser as the pump laser, which provides 18W output at 532 nm. Its output goes into a 

regenerative amplifier (RegA) who uses Ti:Sapphire as its gain medium. The RegA can provide 

a repetition rate from 10 Khz to 300 Khz internally. To achieve an even lower repetition rate for 

the testing, an external signal generator is connected to its time controller. In fact, 1 KHz is used 

 

 

 

Figure 10.5 Laser Facility Setup. 
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in our experiments. Note that the RegA is also seeded with a femtosecond pulsed laser. The pulse 

energy of the seed laser is amplified dramatically by the RegA. After that, it will be injected into 

an optical parametric amplifier (OPA) which extends the wavelength coverage. In our 

experiment, the 800 nm laser is adopted. The final output of the pulsed laser system is merged 

with imaging laser and sent to the optical path of the LSM as is shown in Fig. 10.5. The imaging 

laser is applied on the DUT and its reflection photons are collected by a detector and sent to the 

computer for image processing. The X-Y-Z directions are fully controlled from the computer end 

with a step size of 0.05 μm for XY and 0.1 μm for Z. During the scanning, the area is divided 

into 256 by 256 pixels with a dwell time of 5 μs on each pixel. Thanks to the 50X objective, the 

minimum area can reach to 3.84 μm by 3.84 μm, which gives us decent accuracy in the 

experiments. An Agilent DSA90404A high speed oscilloscope with 4 GHz bandwidth is used to 

trigger the SET on the output of the BGR circuit. 

10.4.2 Irradiation Process 

During the irradiation test, the laser beam is applied to scan each device of the BGR circuit 

with laser energy per pulse ranging from 0.2 nJ to 40 nJ. The voltage change of the output is 

monitored on the oscilloscope. Considering the relatively simple structure of the circuit, this 

testing procedure is feasible. Also, during our circuit designing, the exclusive layer was set on 

the circuit layout. This means no metal filling is allowed inside the area defined by it. In this way, 

all the devices of interest are exposed and ready to the laser irradiation. The minimum irradiation 

area for the laser system is 3.84 μm by 3.84 μm. This value is comparable with or smaller than 

the device dimensions. For example, the dimension for Q2 is 5 μm by 10 μm. This provides us 

with enough resolution to isolate the effect of each device. 



 

 

169 
 

10.4.3 Test Results 

The output variations of the hardened and original BGR circuits are monitored and recorded 

during our test. A selection of test results with laser energy of 0.65 nJ, 4.5 nJ and 35.1 nJ is 

shown from Fig. 10.6 to Fig. 10.11. 
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Figure 10.6 Negative SET for laser energy 0.65 nJ. 
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Figure 10.7 Negative SET for laser energy 4.5 nJ. 
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As we can see from Fig. 10.6 to Fig. 10.8, which show negative SET glitches at the outputs, 
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Figure 10.8 Negative SET for laser energy 35 nJ. 
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Figure 10.10 Positive SET for laser energy 4.5 nJ. 
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Figure 10.9 Positive SET for laser energy 0.65 nJ. 
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the hardened structure suppresses the SET amplitude dramatically compared with its original 

counterpart. For the laser energy range we used, the hardened structure decreased the negative 

SET amplitude to 28%, 19%, and 27% of the original ones, respectively. The data are also 

summarized in Table 10.1.  

    Besides the negative SET, the positive SET is also observed, which is shown from Fig. 10.9 

to Fig. 10.11. However, the mitigation effect is not as prominent as in the negative case. For the 

laser energy range we used, the hardened structure decreased the negative SET amplitude to 67%, 

50%, and 69% of the original ones, respectively. The data are also summarized in Table 10.1. 

One concern for the hardened structure is the SET sensitivity of the inverter chain and 

PMOS transistor switch. No glitch is observed at the BGR output when hitting the inverter chain. 

This is reasonable as the SET from inverter, if any, simply turn on and off the PMOS transistor 

and the will not affect the BGR output. On the contrary, when hitting the PMOS transistor, SET 

glitches are observed at the BGR output, which is shown in Fig. 10.12. However, the SET has 
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Figure 10.11 Positive SET for laser energy 35 nJ. 
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smaller amplitude compared with SETs derived from inside the core circuit of the BGR circuits 

shown in Fig. 10.6 to Fig. 10.11. No measurable SET was observed until the laser energy 

 

Table 10.1 Experiment Data 
 

 

Energy per 

pulse 

(nJ) 

SET amplitude 

Nonhardened 

(mV) 

SET amplitude 

hardened 

(mV) 

SET amplitude 

decrease 

 

Negative 

SET 

0.65 5.5 1.5 28% 

4.5 23.7 4.6 19% 

35 34.6 9.3 27% 

Positive 

SET 

0.65 11.2 7.6 68% 

4.5 60.5 30.5 50% 

35 88.4 61.8 70% 
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Figure 10.12 SET glitches for hitting the PMOS switch. 



 

 

173 
 

reached 2.25 nJ. 

10.5 Discussions 

The aforementioned test results state themselves the outstanding mitigation effect of the 

hardened structure on negative SET glitches of BGR circuits in terms of voltage perturbation 

amplitude. However, there are some concerns to be discussed for the structure. 

10.5.1 Positive SET Mitigation 

As we can see from the data shown in Fig. 10.9 to Fig. 10.11 and Table I, the hardened 

structure seems to have limited effect on the mitigation of positive SET. However, this is only 

because the realization of the switch in Fig. 10.1 via a PMOS transistor. For example, this can be 

solved by simply changed the PMOS transistor to a NMOS and pre-tune the threshold of the 

invertor chain to be a little higher than the normal voltage of node A. In addition, the PMOS and 

NMOS switches can be combined to mitigate both positive and negative SET. The schematic is 

redrawn in Fig. 10.13. And the future work is to fabricate it and test its validity. 

10.5.2 The SET Sensitivity of the PMOS Switch 

Another concern for the hardened circuit is the SET sensitivity of the add-on devices, 

namely the inverter chain and the PMOS switch. The SET in the inverter chain will not affect the 

BGR output, which is proved both theoretically and practically in the experiment.  

However, the PMOS switch exposed the BGR circuit to more SET probability. In other 

word, it tends to increase the cross-section of the BGR circuit. One way to minimize the SET 

effect of PMOS switch is to decrease the dimension of the PMOS transistor so that it is less 

likely to be hit in real life application. For example, the area of the PMOS transistor in our design 
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is 160 nm by 120 nm while that of the total BGR circuit is 200 μm by 100 μm. In addition, the 

size of PMOS transistor switch can be decreased in the same pace with that of the technology 

shrinks. But it is a different case for the BGR circuit, which needs relatively large transistors to 

guarantee the function and performance as an analog structure. Another way is to minimize the 

SET amplitude and duration by using some SET mitigation techniques, such as guard ring. 

Finally, as far as we can see from our data in Fig. 10.12, for the same laser energy, the SET from 

the PMOS transistor is less in amplitude than the ones derived from the core BGR circuit. 

10.5.3 Power Dissipation of the Inverter Chain 

As we can see, the three inverters are not working totally in a rail-to-tail mode, especially 

for the first inverter. As a result, there can be a large power dissipation for the first inverter. 

However, this is a compromise between the SET hardening feature and the power dissipation. 

And we can seek other low power dissipation structures to realize this sensor, such as 

comparators. But the speed and area of the comparator need to be carefully selected.  

 

Figure 10.13 Schematic of the improved RHBD BGR circuit. 
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10.5.4 Capacitance 

Normally, an easy way to mitigate the SET is to use a big capacitor. However, it requires 

much larger areas then our SET hardened structure. Our SPICE simulation indicates that, the 

SET amplitude mitigation effect of our structure is better than a 2 pF capacitor which is much 

larger than our proposed structure. 

10.6 Conclusions 

In this paper, an SET hardened BGR circuit taking the advantage of an SET isolation 

technique is proposed. The simulation showed excellent SET mitigation ability of the hardened 

circuit. Also, comprehensive tests were performed using the pulsed laser facility, which also 

proved its dramatic improvement in SET immunity. This design gives the engineers and 

researchers more choice in designing radiation hardened circuits. 

However, some future work is required to improve the structure. A combination of PMOS 

and NMOS transistors can be used to mitigate both positive and negative SETs. Also, some 

layout SET mitigation techniques can be applied to the PMOS and NMOS switches so that 

decreased SET effects on them are expected. 
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11. SUMMARY AND CONTRIBUTIONS 

 

11.1 Summary  

This work investigates the SEE phenomenon using multiple evaluation techniques, such as 

proton, heavy ion, pulsed laser and X-ray, based on a commercial-off-the-shelf DC/DC PWM 

controller chip. The benefits and disadvantages of these testing methodologies are discussed. The 

correlations between them are also developed and explained. The optical-based methods are 

studied in more details, especially the pulsed laser technique. A comprehensive study is 

performed on applications of the pulsed laser technique on SEE testing in terms of experimental 

parameters, such as wavelength, repetition rate, and external temperatures. The most sensitive 

sub-circuit is found to be the bandgap reference circuit and a SET hardened structure is proposed 

and tested to mitigate the radiation effect. The main contributions of these works are listed as 

follows: 

1. The SEE sensitivity of DC/DC PWM controller chip using pulsed laser technique 

 The SEE sensitivity of a commercial-off-the-shelf DC/DC PWM controller is 

presented based on the data from pulsed laser testing. The most sensitivity area 

is determined to be a bipolar transistor pair inside the bandgap reference 

sub-circuit. The sensitivity of other selected sub-circuits, such as power-on reset, 

comparator and current mirror, are also compared and analyzed. These 

conclusions give a clear idea of the most SEE sensitive devices in the DC/DC 

PWM system. This information can instruct the future DC/DC PWM design and 

test in the SEE field. 
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 The DC/DC PWM SEE sensitivity is also investigated with changed 

temperatures. It is found that temperature induced quiescent shift can affect the 

SEE sensitivity of a single device dramatically. Also, different circuit structures 

have different temperature response in terms of SEE sensitivity. These 

conclusions indicate that the simulation of quiescent point shift in sensitive 

nodes can predict the SEE sensitivity change with temperature shifting, which 

will facilitate the SEE testing procedure in some extent. 

 The application of pulsed laser technique in SEE testing field is also investigated 

based on the DC/DC PWM chip. The conclusions show that one of its most 

beneficial features is well-controlled location information. In this way, the 

sensitive device can easily be pinpointed. The validity of the results is verified 

by device modeling and circuit simulations. The effects of different laser 

parameters, such as the wavelength and the repetition rate, are also studied. The 

conclusion indicates that relative low repetition rate should be adopted to 

simulate SEE using pulsed laser. 

2. The correlations between pulsed laser, heavy ion and proton in SEE testing 

 The correlation between pulsed laser and heavy ion data is developed using 

multiple wavelengths, namely 750nm, 800nm, 850nm, and 920nm. The 

equivalent LETs for these laser wavelengths are acquired. These conclusions 

will facilitate the data comparison between pulsed laser and heavy ion testing. 

 The data correlation between heavy ion and high energy proton testing is also 

developed by means of a RPP model. The data show good consistency in terms 

of SEE cross section. 
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3. The application of pulsed X-ray technique in SEE study 

 The potential application of pulsed X-ray technique in SEE testing is discussed 

in this thesis. An obvious advantage is the smaller resolution step, which is 

required by modern sub-micro IC testing. The testing result is compared and 

verified with those of pulsed laser and heavy ion experiments.  

4. The different SET sensitivity between BiCMOS and CMOS bipolar transistors  

 The different SET sensitivity between BiCMOS and CMOS bipolar transistors 

are compared and analysis. Its effect on the bandgap reference circuit is also 

presented and discussed. These conclusions give hints on the designing of SET 

hardened bandgap reference circuits. 

5. The SET hardened bandgap reference circuit  

 An SET hardened BGR circuit taking the advantage of an SET isolation technique 

is proposed and tested. The simulation showed excellent SET mitigation ability of 

the hardened circuit. Also, comprehensive tests were performed using the pulsed 

laser facility, which also proved its dramatic improvement in SET immunity. This 

design gives the engineers and researchers more choice in designing radiation 

hardened circuits.  

11.2 Contributions 

Generally speaking, this research contributes to the radiation effect community in two aspects, 

namely the testing methodology and the SET hardening circuit design. The profound and 

comprehensive investigation on each SET testing methods and their correlations facilitate the SET 

testing for researchers and engineers in this field. And the SET hardened circuitry proposed in this 
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research provides the researchers and engineers with more choices and hints on the radiation 

hardening design. 


