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ABSTRACT

Low Power, High Speed Analog to Digital Converteositinues to remain one of
the major building blocks for modern communicatsystems. Due to continuing trend of
the aggressive scaling of the MOS devices, theemtidxlity of most of the deep-sub
micron CMOS technologies to the ionizing radiativess decreased over the period of
time. When electronic circuits fabricated in th&SRIOS technologies are exposed to
ionizing radiations, considerable change in thégoarance of circuits can be seen over a
period of time. The change in the performance camumntified in terms of decreasing
linearity of the circuit which directly relates tbe resolution of the circuit. Analog to
Digital Converter is one of the most critical blgckf any electronic circuitry sent to
space. The degradation in the performance of arlo§n Digital Converter due to
radiation effects can jeopardize many researchrprog related to space. These radiation
effects can completely hamper the working of auircThis thesis discusses the effects
of lonizing radiation on an 11 bit 325 MSPS pipellADC. The ADC is exposed to

different doses of radiation and performance is [gan®d.
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Preface

This thesis aims to explore the effects of ioniziadiation on the performance of
a pipeline analog to digital converter (ADC). Cleapt describes the basic architecture
used for the pipeline. It also includes an explamadf the various blocks used.

Chapter 2 provides an overview of ionizing radiateffects in CMOS devices.
Different processes that occur when a CMOS degiexposed to ionizing radiation have
been explained. For example, the characteristica thinsistor when it is exposed to
different doses of radiation and how this changédracteristic deteriorates the
performance of a circuit at macro-level are exm@din

Chapter 3 describes the modeling of ionizing raginaeffects on a single NMOS
transistor. A new model of an NMOS transistor sated when it is subjected to different
doses of radiation. lonizing radiation leads to sifite leakage. For transistors used as a
switch in a switched capacitor network; this leakagay decrease the accuracy of a
circuit.

Chapter 4 presents the radiation-enabled modedisigits along with a conclusion
for a pipeline ADC. The model captures the circuisponse characteristics by
incorporating a unique methodology for simulatiragliation effects at the transistor
level.

Chapter 5 gives the conclusion.



Chapter 1

INTRODUCTION TO PIPELINE ANALOG TO DIGITAL CONVERTRS

Pipeline Analog to Digital Converters are widelyedsand popular architectures
for sampling rates varying from a few mega samplpsto 500-600 mega samples.
Resolution ranging from eight bits up to sixteernsbctan be achieved with this
architecture with some amount of initial latenche$e features and advantages make this
architecture useful for a wide range of applicagioncluding digital receivers, CCD
imaging, modems, and communication systems, whesd rhigh throughput along with

high resolution [1, 2].

1.1 Brief Explanation

As the name suggests, the pipeline architectursistsnof many ADC’s in series.
The input signal is processed by the first stagthefpipeline. A coarse ADC is used to
guantize the input signal, giving out digital bitence generating residue voltages. The
generated residue voltage of the first stage igmgias an input to second ADC in the
pipeline. This second ADC quantizes the signal pcoty more digital bits along with
the residue voltage which is given as an inpuhéortext ADC in the pipeline. Hence the

signal is propagated in a pipeline [1, 2].



1.2 Architecture of Pipeline Analog to Digital GBeerter.
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Figurel: ADC Architecture
Figure 1 shows the architecture usedHerpipeline ADC. Eight 1.5 bit double
sampled gain stages along with a three bit flaagestare used to obtain an eleven bit
digital output code. There is some amount of ihiigency until the time pipeline is filled
up. Once the pipeline is filled, digital codes atgained on every clock edge hence

increasing the throughput.

1.3 System level design considerations and spatibics for the ADC

Many factors have to be considered in the systesl ldesign of an 11 bit 325

MSPS pipeline ADC. Table 1 shows the specificatimnghe ADC.



Sampling Speed 162.5 MSPS
Effective Sampling Speed 325 MSPS
Resolution 11 Bits
Input Signal Band width 61 MHZ
Input Signal Swing 12 VPP
Power 140 mW

Table 1: Specifications
Some of the factors include selecting the archirecof the gain stage depending
on the latency to be tolerated, power and areaifgyions. Other factors include
choosing the correct operational amplifier (Op-Amppology, comparator topology,
scaling of the sampling capacitors, number of cklnif time interleaved structure is to

be used, quantization noise, distortion and samgptequency.

1.4 General flow of signal in pipeline ADC

P . Moo H oM M- MM H 3bit
Vin (1.5 Bit] 1.5 Bit] 1.5 Bit| 1.5 Bit| 1.5 Bit) 1.5 Bit] 1.5 Bit]_{1.5Bil] | pjash

Figure 2: Pipeline architecture showing flow ofreg



As the front end sample and hold amplifier is nséd for this radiation effects
study, an analog input signal is given directlythe first 1.5 bit gain stage. Figure 2
shows the general flow of the signal in the pipelifihe input signal is sampled directly
by the sampling network of the first gain stage amdhe same time sampled by the
comparators. Based on the decision of the comparidte residue voltage for the next
stage is generated by the MDAC (multiplying analogligital converter) of the first gain
stage. The residue voltage (error voltage) gengrayethe first stage is very small. The
second ADC needs to have higher resolution thapté&eous stage to resolve the input.
In order to avoid this problem, we make use ofghm stage to keep the signal level for
the second ADC the same. Since we have gainedeupesidue voltage of the first stage
ADC, the second ADC will make the comparison with same set of reference voltages,
eliminating the need of a new set of referenceagatvalues for each stage. Once we
have filled the pipeline, we will have new set dfithl codes on every clock cycle. Once,
the first ADC in the pipeline quantizes the inpiginsl and generates the residue voltage
for the next stage, the previous stage becomefablaio process the input signal, hence
increasing the throughput. Delay registers haveetased in order to store the data. First
1.5 bit gain stage gives the output code in th& fitock cycle whereas last stage of the
pipeline gives the digital code after some lateasythe signal is propagated through the
pipeline. In order to make digital correction logvork, all the digital bits are to be added
at the same time, hence delay registers are ugertlibe digital correction logic so that

all the digital codes are received at the corrediogic at the same time.



1.5 Clocks structure used for the gain stages

A non-overlapping clock structure is uded the gain stages. There needs to be
some amount of non-overlapping period in betweenséimple and hold phase for the
switched capacitor network to work. Figure 3 shdhes clock waveforms used in the

design.
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Figure 3: Clock waveforms [5]

Delayed version dfl and®2 clocks which aré@1d and®2d are used to make use
of bottom plate sampling technique. This techniguevents any charge dumping onto
the sampling capacitor when the sampling switctuiised off in the switched capacitor
network. Both the phases of the clock are utilizedorder to double the sampling

frequency.



1.6 Explanation of a Double Sampled 1.5 bit gaagst

The 1.5 bit gain stage is an importaocklin pipeline analog to digital converter.
The double sampling architecture, which makes dside Op-Amp sharing technique
[1], is used in order to effectively double the gding rate with not much addition in area
and power. With a single sampling architecture, @peAmp is idle in one phase of the
clock. Twice the speed can be achieved by makiegofishe phase during which an Op-

Amp is idle. Table 2 shows the specifications reggifor a 1.5 bit gain stage.

Power 16 mW
Linearity 11 Bits
Peak — Peak Swing 1.2VP-P
Switches Used Transmission Gate
On resistance (T.G) < 1000 Ohms

Table 2: Spezation for the 1.5 bit gain stage

In the case of a single sampling architee, the op-amp can be reset to remove
any parasitic capacitance; whereas in double sagiplve cannot reset the op-amp as it
is operating in both clock phases. Double samgkagls to an increase in the number of

switches since an additional sampling network nimesadded. The schematic shown on



Figure 4is an example of doubsampling network. The circudonsists oa differential
input anddifferential output. Irthe ®1d phase of the clock, sampling network 1 sam
the input signal and holds it. In the same ph®1d) one set of flash ADGyuantizes the
input signal imo two bits. The two bit digital output with thelpeof digital logic in ®2d
phase is then used to control the switches of tB&AM stage of sampling network 1 a

generates the residue voltagehe ®2d phase.
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Figure 4Double Sampled 1.5 Bit Gain St [1, 5]
Since we are making use a double sampling technique, th@mpling network :
samples the input signal the ®2d phase and in the same phaseseond set of flas

ADCs quantizes the signal to two bits. The two bit digautput with the help of digit:
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logic in ®1d phase is then used to control the switcheseoMBAC stage of sampling
network 2 and generates the residue voltagklid phase. In this way we are getting the
residue voltages in both the phases of the clodk¢clware then sampled by the next
double sampled 1.5 bit gain stage. A 1.5 bit gtages needs an inter-stage gain of two. A
switched capacitor circuit making use of two cafmsiis an excellent circuit to realize a
gain of two.

In one phase of the clock, Vin (inputltage) is sampled onto the sampling
capacitors (C1 and C2). The charge stored on tedpacitors is Vin (C1 + C2). In the
other phase of the clock, all of the stored chamgéransferred on to the feedback
capacitor C1. The resulting voltage on C1 in phadel forms the output voltage as
shown Figure 4.

Vin (C1CR) = Vout (C1) (1.2)

Vout/\En(1 + C2/C1) (1.2)

If the value of both the capacitors épkthe same, a gain of two is realized with
the help of simple switched capacitor network. Tieéwvork is used in conjunction with
the op-ampn a negative feedback configuration. In order ¢hi@ve the required gain,
the op-amp has to provide equal and opposite chartjee bottom plate of the feedback
capacitor C1. This "flip around” architecture haarmp advantages when compared with a

charge redistribution network in terms of gain #addwidth of the op-amp.
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The linearity of a gain stage dependsmamy factors. One of the factors is the
accuracy of the sample and hold inside each sagpktwork which in turn depends on
the linearity of the switch inside that sample amuld. Other factors are offset of
comparators, as well as gain and bandwidth of thgliéiers.

Thdinearity of the switch in the sample and hold beven in Figure 5 may be
adversely affected by ionizing radiation. It hagmebserved that with increased ionizing
radiation, the standby current (off-state curresit)an NMOS transistor (nFET) can
increase several orders of magnitude. This effettamly tends to increase the static
power consumption but also may degrade the funalityrof the circuit. Figure 5 shows
the switched capacitor network which uses trandonisgate switch. The switch is not
able to hold the value at the sampling capacitoms w off-state leakage which comes
into effect after ionizing radiation exposure. Tiesads to the generation of incorrect
residue voltages. These errors may be propagatiet iwhole pipeline hence decreasing

the linearity of the ADC. Various mechanisms mayésponsible for increased off state
9



leakage including: 1) leakage between source aath derminals of an nFET (edge
leakage) and 2) leakage underneath the isolatimes)etween the drains and/or sources

of adjacent nFETSs.

1.7 Redundant Signed Digit (RSD) architecture figr 1.5 bit gain stage.

In order to avoid errors due to comparaffset, an RSD architecture [1] is used.
In this architecture, the offset requirements abenparator are relaxed to a great extent.
Figure 6 shows the block diagram of the RSD archit®re. This architecture generates
two digital bits based on the comparison of theutryoltage with a reference voltage.
One bit forms the most significant bit (MSB) ance tredundant bit is added with a
redundant bit of previous stage in the digital exorrection logic. In the RSD scheme,
the input value is compared with a set of compasathere trip points (VH and VL as
shown in the figure) are set at —Vref/4 (VL) andreW4 (VH), where Vref corresponds

to the reference voltage used for ADC.

Dout

Dig.
+Vref 0, or Vref

input
voltage o Vorag jdue
Vin »—e \fgj Vres

Figure 6: Redund@igned Digit ADC [4]



Thefollowing residue voltages (Vres) are obtained witie help of different

operations performed by switched capacitor netvibased on the comparator decision.

Vres = 2(Vin) + Vref for Vin < -Vref/4 [Digital cod obtained - 00] (1.3)
Vres = 2(Vin) for (-Vref/4 < Vin < +Vref/4) [Digdl code obtained - 01] (1.4)
Vres = 2(Vin) - Vref for Vin > Vref/4 [Digital codebtained — 10] (1.5)

Figure 6 shows a typical transfer curve for the Rfpplicaton.

residue volage 4

wref wref

input
voltage

allowalle range L allowable rangs
for W fior Wy

Figure 7: RSD Architecture transfer function [4]
Consider a case where we have small atnoti comparator offset, due to
comparator offset the trip point of the comparatdl change. As long as the comparator
offset is within Vref/4 range, the transfer curveuld not go outside the range (denoted

by the box in Figure 7), hence producing residueges within range.
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1.8 Operational Amplifier (Op-Amp)

The Op-Amp is an important block in therking of a 1.5 bit gain stage. Figure 8
shows the telescopic cascode topology which is emphted in the gain stage. This

topology is chosen as it has a large bandwidth.

Vdd
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T
M7 Lal| Vb4
Vb3

Lyl
M6

~ +Vo-

o—1 M4 M2

Vb1 Vb5
]

o

Vi-

Vb1

Figure 8: Telescopic cascade Op-amp [3, 5]

High gain of the order of 80 dB is asiei@ by making use of the cascode structure
of PMOS transistors. A pair of Bipolar Junction fisestors (BJTS) is used as an input

transistor differential pair because BJTs have dénighansconductance and lower noise

compared to MOSFETS.

12



1.9 Three bit flash
A three-bit flash is one of the most plapuarchitectures, which gives a digital
output in one clock cycle [1, 2]. It is one of tfastest architecture but the resolution is

limited to the maximum of six bits.

Ndd
o

B-line to
3-line
encoder —

—  Binary output

Y

Vref-

Figure 9: Three bit Flash Architecture [1, 2]

Figure 9 shows a block level diagram of a thredlagh which consists of series network
of comparators. It also consists of a resistiveléachetwork which provides different
reference levels to each of the comparator. Thatismgnal is fed to the comparators,
comparison is done with different comparison poiated the thermometer code is

obtained. Eight line to three line encoder is usedbtain three bit digital output code.

13



This chapter explains the architecturpipeline ADC used for the simulation of
ionizing radiation effects. The effects of the mng radiation will be simulated on this
pipeline architecture. The ADC will be exposed tfietlent doses of ionizing radiation

and degradation (if any) in the performance willskeen.
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Chapter 2
lonizing Radiation Effects in MOS Devices.
2.1 Introduction

Due to the continuing trend of aggressemi-conductor scaling, the susceptibility
of most deep sub-micron technologies to ionizindiaton has reduced. The primary
reason for less susceptibility is extreme sengytiof n-channel and p-channel transistors
to ionizing radiation. Several studies conductedNaval Research Laboratory in 1964
showed that the primary mechanisms responsibIMSFET performance degradation
were the buildup of positive oxide charge,JNn the gate oxide region along with the
creation of interface traps at Si-Siterface [6,7,8]. Reduction in gate oxide thickne
(tox) and increase in channel and body doping has glagemportant role in improving
the inherent radiation hardness of most deep sudvemitechnologies. As the oxide
thickness is scaled, it leads to the reductionxfie charge trapping in the gate oxides,
thus improving the radiation hardness [9]. Incrdadeping reduces the effect of oxide
trapped charge on the channel surface potentiaichwhlso increases resistance to
ionizing radiation damage.

The degrading effects of ionizing radiation electronic circuits can be mitigated
by using specializing techniques such as Radiatlardening by Process (RHBP) and
Radiation Hardening by Design (RHBD). RHBP haditadvantages such as low yield,
higher manufacturing costs, process instability].[Die to these disadvantages RHBD is

typically preferred over RHBP. RHBD includes spédeayout techniques and design

15



approaches which enables the desired radiationnbasdof an electronic circuit to be

achieved in some technologies.

2.2Radiation Effects on MOS devices and Circuits

This chapter primarily discusses Totahizing Dose (TID) effects on MOS
devices and circuits. It discusses how and incr@agke ionizing radiation dose level
changes the characteristic of a transistor whici eventually alter the performance of a

circuit at macro-level.

2.2.1 Total lonizing Dose:

Electron-hole pair (ehp) generation tigtouonizing radiation is the major cause of
radiation damage in CMOS devices. The quantity le€teon-hole pairs generated is
directly proportional to the amount of energy tfened to target material [11]. The
energy per unit mass which leads to the generati@bectron-hole pairs is defined total
ionizing dose. The RAD and GRAY are units whichmfifg TID. They denote the total
amount of energy absorbed per unit mass of thetangterial. Some minimum amount
of energy is required for the process of ionizatioroccur. Experiments revealed that
amount of energy required to create electron halespn SiQ is around 17eV +- 3eV
[12].

After the generation of the electron-enphirs, the transport mechanism of these
ehps starts within the oxide. A fraction of the ®igenerated recombine initially reducing

the initial density of the total carriers. As thelnlity of electrons is much more than that

16



of the holes, they are rapidly swept out of thedexiThe mobility of the holes in the
oxide is generally of the order of 1@o 10 cn?V'S* whereas the mobility of electrons
is of the order of 20 cfiv"’s*[13]' Some of the holes that do not recombine slowlyetrav
towards the Si-Si@interface causing long term TID effects.
The processes that occur after theaotem of ionizing radiation with the target

material shown in Figure 10 are as follows

e Electron-hole pair (ehps) generation

e Recombination of ehps

e Hole transport

e Hole trapping (oxide trapped charge)

Interface traps

by
// 1.1 eV
[
sees s o | 2
Imnmngmdmug& Silicon N Silicon
‘—‘-‘é - l I
dioxide + .4

Gare

Elech‘onfhole/

pair generation

Trapping of holes at
the interface

Hopping transport of holes
through localized states in
Silicon dioxide

Figure 10 Processes related to the damage of CM@iSest due to TID [14]
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2.3.1 Generation of electron-hole pairs:

As mentioned above, the generation ofteda@ hole pairs occurs when ionizing
radiation interacts with the solid material. For OBl device, the most sensitive materials
are the dielectrics (e.g., Sithat are in close proximity to an underlying seomductor.
The process of ionization generates ehps as phaotoparticles pass through dielectric.
The amount of the ehp generated is typically exg@@sn terms linear energy transfer
(LET). The unit of LET is MeV-cifig. It is function of particle’s mass, energy and
density of the target solid. Total ionizing doegprsportional to the LET of an ionizing
particle.

Total lonizing Dose (TID) affects leadtte generation of ehps in the target solid
material. TID gives the total amount of energy defgal on a target material when it is
placed under the effect of ionizing radiation. TBeunit of TID is Gray (Gy). Rad
(radiation absorbed dose) is another common urgfuemtify TID. One Rad is equal to
100 ergs of ionizing energy deposited per granheftarget material.

1 Rad = H¥9s/gm = 6.24 * 1§ eV/g [15] (2.1)

2.3.2 Recombination:

Recombination is the process that fodlothe generation of ehps. After the
generation of ehps, some fraction of the pairs mdgpes. The time available for this
recombination process is very small as the elestramch are having very high mobility
are very rapidly swept out of the oxide (or othgeatric). Hole yield is the term which is

used to denote the density of the holes that edtep@itial recombination. Hole yield is

18



dependent on the type of particle and the appliectrec field. Hole yield is different for

different types and energies of the incident raoimat

2.3.3 Hole Transport

A fraction of the holes that do not nedmne can travel towards the interface of
Si-SiG; by two major mechanisms. Polaron hopping and pieltirapping are the two
processes by which holes can transport to Sp-fi6®, 17]. The positively charged hole
can distort the local potential as it moves throtlghoxide. Polaron hopping is a process
that occurs between shallow traps states sepaogtad/ery small distance, i.e., less than

1 nm. Figure 11 shows the polaron hopping prodesstakes place in the oxide.
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Y
s
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Ev

Figure 11 Polaron hopping process due to appledd fiL8]

In the phenomenon of multiple trapping, the tramsmd holes is mediated by traps.

These processes are found to be highly dispemitime.

19



2.3.4 Oxide trapped charge:

Vacancies of oxygen that exist in a Sl@yer can trap holes. However it is
process and field dependent phenomenon. The tot@liat of oxide charge formed in the
oxide due to hole trapping can be approximatedcbyetjuation [19, 20, 21]

ANg=D * Kg* fy* foi* t (2.2)
where D is the total ionizing doseg I§ the electron hole pair density for 1 rad ofrgge
deposited in Sig fy is the hole yield,f is the hole trapping efficiencyytis the thickness
of the oxide. Oxide trapped chargeo{\can alter the threshold voltage, & a CMOS
transistors. Threshold voltage shifts created RyidNoften denoted atV; and can be
approximated as [22]

AV = (-tox/ €ox €0) *q * ANot (2.3)
where ¢ is the magnitude of electronic charge,thrdoroduck,.yeo is the permittivity of
SiO,. As shown in the above equation, positive trapgeatge leads to a negative shift in
the threshold voltage of both the NMOS and PMOS8sistors. For the NMOS transistor
the buildup of positive charge increases its dafesturrentThis increase in the off state
current affects the functioning of the circuit atero level. The switched capacitor circuit
which makes use of a transmission gate switch flgalMOS and PMOS transistors)
forms an integral part of the 1.5 bit gain stageshe switch starts leaking in the hold
phase of the clock due to the buildup of positikiarge, we will eventually be sampling
wrong value on the sampling capacitor which mayl leawrong generation of residue

voltages which will propagate in the whole pipelihence deteriorating the performance.
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The effect of ) on the threshold voltage of a PMOS transistollds a negative
shift, which means it leads to an increase in tieolute value of ¥ This leads to less off
state current in a PMOS transistor. Figure 12 shaw@crease in the off state leakage
current of NMOS transistor due to the trapping o$ipve charge in the gate oxide of a
transistor. After irradiation, there is a negatslaft (green color) in the characteristics of

an NMOS transistor (Figure 12) showing increaseénleakage current for the same gate

to source bias
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Gate to Source Voltage (V)

Figure 12: Oxide trapping leading to a change indd/gs characteristics [22]
From the equations given above, one oizerve that the shift in the threshold

voltage is directly proportional to the squareld pxide thickness. Thus, as the thickness
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of the oxide is reduced, there is a less possibibtr the formation of charge at the

interface, thus the amount of theshift will be reduced.

2.3.5 Interface traps

The other process that occurs upon expdsuionizing radiation is the generation
of interface traps (N. These states are formed by the creation of dapgonds at the
interface and this state act as a trap for thedeggers in the underlying semiconductor.
Interface traps lead to an increase in the sulsiimd swing of a transistor. The holes
generated by the ionizing radiation interact wiyldtogen containing defects in the oxide
and generate H+ ions [23]. The generated H+ ioms drét to the Si-SiQ interface.
These protons react and form dangling bonds whietalso known as Pb centers. Figure
13 shows an effect on the characteristic of a NM&8 a PMOS transistor due to
interface charge trapping. For both NMOS and PM@®sistor, the buildup of Nit

typically leads to a decrease in the off-stateenirof a transistor.
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Figure 13 Interface trapping leading to a changeansfer characteristics [22]

2.3.6 Field oxide effects

It has been shown that generation gf &hd N leads to a change in the
characteristics of a transistor. One important gleas in the form of \shifts. It has also
been found that on thinner oxides, these problemsat as significant as;ghifts are
proportional to the square of oxide thickness. Tiener the oxide the smaller the-V
shift. In most of the modern CMOS technologies, dhte oxide thickness scales. Hence
the problem of charge trapping in the gate oxide®oilonger a matter of great concern in
most modern CMOS technologies.

Generally, the isolation field oxides mmodern CMOS technologies are much

thicker than the gate oxides and majority of thebpgms associated with the TID effects

exist in these thick isolation oxides.
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Local oxidation of silicon (LOCOS) andhaélow Trench Isolation (SThre the
commonly used isolation oxide techniques in modeMOS technologies. STI is the

isolation technique used for technologies belowuor3

pDITsilicon

Figure 14 Two leakage paths in STI oxides due [ difects [24]

Figure 14 shows the two leakage pathsyéd due to TID effects. Intra device
leakage is the leakage which exists between thece@and drain terminals of a device
(Path 1). It is due to the formation of positiveange at the Si-SiQinterface which
forms the minor channel for the flow of currenteeén the source and drain of a
transistor. The effects due to intra device leakagebserved in NMOS transistors as

PMOS transistors do not undergo any change as dugres do not turn on when positive
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charge is trapped. The off state leakage becomeseséor TID doses of 300 krad and
above.

Device to device leakage also referredsdnter device leakage is another type of
off- leakage caused by the charge trapped in tHeT3E leakage paths arise between the
source or drain terminal of a NMOS transistor tadjacent n-well of a PMOS transistor
or another NMOS source or drain. Figure 15 showdifferent leakage paths formed. It

is caused by the formation of positive charge alibttom of the STI.
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Figure 15 Different leakage paths due to chargepireg in STI [27]

Since we know ionizing radiation affet#ads to the trapping of positive charge
along the STI sidewall which decreases thef¥he transistor and increases the off state
current. Now we have to model this trapping of pesicharge along the sidewall in

Cadence so that we can simulate its effects opehfermance of the ADC.

25



Chapter 3

Leakage Modeling in NFET Switches

This chapter explains the steps thatiaesl to model leakage in a NMOS transistor
caused by ionizing radiation exposure. When an NM@S8sistor in a transmission gate
switch is in the on state, it tracks the input.aapling switch needs to hold the sampled
value in the hold phase for correct operation. Rupositive charge build-up in the field
oxide due to ionizing radiation, current leakagésMeen drain and source terminals can
affect the hold value of the voltage on the capactience decreasing the linearity of the

switch.

3.1 TotalDose Modeling Methodology

In lieu of experimental irradiation cheterization data, a combination of TCAD
modeling, analytical methods and circuit simulasiovere used to assess post-irradiation
degradation of NFET switches and the ADC architectiscussed previously. In this

chapter we focus specifically on the modeling ajrdelation in NMOS transistors.

3.2 Device Modeling

To model the NMOS transistor from the IEBWIP process, which is the process
used in the ADC design, two TCAD structures werastaicted using the Silvaco tool,
ATLAS. The first structureshown in Figure 16 represents a 2-D cross-sectiotihe

NMOS transistor, cut from drain to source along thansistor channel. The second
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structure is also a 2-D cross section of the NM@&8distor, except the cutline is taken
perpendicularly to the channel. This structure seduto estimate impact of total dose
effects along the STI sidewalls in NMOS devices.

The structures were constructed usingaedlilable process information (device
geometry, § and doping). Then, utilizing ATLAS device simutati structures were
optimized to match thex¢ vs. Vs characteristics of a Cadence AMS I-V simulation of
the IBM 8HP transistors. Onceslvs. Vs characteristics of the NMOS transistor agree
with Cadence simulation, the optimized doping peofs used to create the NMOS STI
sidewall structure. Once the two structures arékd, the radiation effects module
(REM) was employed. REM is a self-consistent fighdge-trapping module, which
models ionizing radiation-induced transport and-oaiform trapping of charge in the
oxide. REM simulates the trapped charge build-uthenSTI at user-defined dose stress
step points and bias conditions. Using REM insilATLAS allows for a calculation of

the effect total ionizing dose will have on theggakides and the NMOS STI sidewall.
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=300 nm Gate oxide < 3nm

Figure 16: Charge trapping along STI sidewall [26]

It has been discussed in the previouptehdhat as the thickness of the gate oxide
scales in modern CMOS technologies, charge trapipirgate oxide is no longer a big
problem, and the majority of positive charge gedpped along the STI sidewall. Figure

16 shows the buildup of charge along the sidewall.
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Figure 17: REM simulations showing build up of af@mealong STI sidewall

ATLAS allows structure files to be sawaring simulation, containing position-
dependent electrical information. Structure filesrev saved prior to REM simulated
irradiation and after each total dose stress segl.| The results of TID modeling of the
NMOS structures following REM simulation reveals smnificant shift from pre-
irradiation threshold voltage for as drawn NMOS idevThis is expected, as the device
scaling has nearly-eliminated charge trapping in gate oxide [27]. However, charge
trapping along STI sidewalls, resulting in actiwatiof a “parasitic edge” transistor is an
on-going concern for NMOS transistors [27]. Figiieshows build-up of positive fixed
oxide charge along the STI sidewall for differeatiation doses. Simulations of the
structure, utilizing ATLAS with REM, reveal signifant oxide trapped charge buildup

along the STI sidewall. Moreover, the density ilms@s monotonically as the dose level
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is increased (see Figure 17). From these strufitass a cut-line was obtained adjacent
to the STI sidewall, in the silicon bulk, allowimxtraction of the position-dependepns
at each total dose level. Additionally, positiorpdaedent doping bulk (N profile is
obtained. As we increase simulated total dose eapddignificant positive oxide charge,
the surface potentialyf) at the Si/SiQ interface along the sidewall will increase. This

effect is shown in Figure 18.

i ; e—{jlcrad
9.9
08 - — . —10ksad
=7 N : ——20krad
= ™
B 06 —50krad
< 0.5
& ——100krad
§ 0.4
f 03 - 100 krad
fam |
w2 300krad
0.1
~500krad
0

0.13 0.2 023 0.3 .33

{I:l 2
Depth Along S5TI Sidewall [pm

Figure 18: Simulated surface potential along Sdéwialls

From the surface potential at the intefgposition dependent fixed oxide sheet
charge densities along the STI sidewall can beutatied.

The increased off-state current is madleds a collection of “parasitic edge”
transistors that conduct current in parallel wikie t‘as drawn” NMOS devices after
irradiation. As it is a 2-D structure, we must edate the results of oxide-trapped charge

buildup in the STI to a corresponding current cantidun along the STI sidewall. This
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was accomplished by: 1) extracting structural eleght information from TCAD
simulation structures 2) utilizing that informationanalytical calculations resulting in 3)
parameterization of the “parasitic edge” transisboruse in Cadence simulation.

The extracted total dose (D) and posi{m) dependenyss (Figure 26) is used to
calculate the flatband voltage {3 using the following equation, valid when no ghias

is applied (i.e. ¢g=0V) [28]

Vis (D, 2)=y,(D, 2)+ 7 (2w (D, 2)+ ge"+® 2 D (3.1)
where ¢ is the thermal voltagep-(z) is the Fermi potentialy(z):W/qugw/NA(z)/Cox(z)
and C,(2)=¢u/t(2)=¢u/272%;. Theta @) is defined as the STI sidewall angle.

Furthermore, position-dependent threshold voltage) (can be calculated using the

equation:

Vi (D,2)=Veg(D,2)+2¢¢ (2)+ 1(2)y 24 (2) (3.2)
Utilizing the equations and the TCADustures three parameters are now known:

position-dependengk and N as well as position and total dose dependent V
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Figure 19: Changing \along STI sidewall

Figure 19 shows decreasing With increasing TID. The primary reason for themase
in V1 is the generation of positive charge along the Sidéwall. This decrease intV
with increasing TID is the primary the reason feakage in the NMOS transistor which

hampers the performance of the circuit at the miberel.

3.3 Radiation Enabled Circuit Simulation

For BSIM4 compact transistor models, Ny and bx can be directly defined for a
MOSFET. However, all three parameters change altegdepth, z. along the STI
sidewall. Using a similar methodology as previouglyblished, the parasitic edge
transistor which is formed along the STI sidewalédo ionizing radiation is divided into
seven incremental “parasitic edge” transistorsarhimal gate width \W20nm [29, 30].

Now, for each of the seven incremental transishiys tox; and Vf; can be determined

32



where V4jis total dose dependent parameter for each increansistor.

Incremental  Incremental §, Incremental  Incremental N,
Sidewall Sidewall

Transistor Transistor
Swi1 153 nm SW1 4.62x10'7 cm®
SW2 41.6nm Sw2 3.58x10" cm?
SW3 66.7 nm SW3 3.29x10" cm®
Swi 96.7 nm SwW4 3.74x10" cm?
SW5 127.2nm Swh 4 56x10"7 cmr?
SW6 1533 nm SW6 5.50x10'" cm®
SWr 178.1 nm SwW7 6.28x10"7 cm?

Table 3: Incrementaltand N, with increasing sidewall width

Table 3 shows the differegf aind Ny values taken for the seven parasitic edge
transistors. As we move along the sidewgll increases and the doping profilex N
changes along the STI sidewall. In Cadence, a nBM@S device sub-cell is constructed
that contains the “as-drawn” devices with sevemamental “parasitic edge” transistors
placed in parallel. Figure 20 shows the transittwel modeling of the seven parasitic
edge transistors. Voltage controlled voltage saI(6€CVS) are used to provide the same
biasing conditions to parasitic edge transistorshas of the ‘as drawn’ transistor. The
minimum width required for the parasitic edge trstwgs is 20 nm and length remaining
the same as that of ‘as drawn’ transistor. In otdesvercome the effects due to narrow
channel, the minimum width taken for each paragtige transistor is 1um. Thus the

total amount of leakage current due to parasitgeeddansistors is divided by the factor
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(um / 20nm) of 50 so that we could have the leakagrent solely due to the presence
of parasitic transistors original width. The leakamirrent obtained as a result of ionizing
radiation is added to the main ‘as drawn’ NMOS siator with the help of current

controlled current source (CCCS).

VCVS
| CCCS _ Q Parasitic transistor
As drawn [ .

transistor *

Figure 20: DGNFET with TID enabled Sub-Circuit

A new BSIM4 model is defined for the “parasitic eddransistor, with the ability to
instance N tox and V4 parameters for substitution ofalN tox; and ;. Successive
Cadence AMS simulations that use; Values at a known total dose stress step level
effectively simulates radiation damage and leakagbe sub-cell for a given TID level.
As higher stress steps are reached, many of thenmental transistors conduct significant
Ips current, as Y, becomes less than the “as-drawr” V

Figure 21 shows the characteristics of newly medifNMOS devices when subjected to

500 Krad of TID with different biasing acrosgsV
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Figure 21: Increase in the off-state current fod B0ad for different \is

The simulation results show the thera iremendous increase in the off-state
current depending on the voltage between the dnmathsource terminals. If Vds is high,
off-state current is quite large whereas if thetagd between drain and source terminals

goes down to 100mV, off-state current is fairly low

For the purpose of this thesis, the maxn peak to peak swing tolerable by the
ADC is 1.2 V P-P differentials. Single ended swwitj be 600 mV P-P. Hence the drain
and source terminals maximum voltage differenceheworst case scenario is 600 mV
which accounts for a leakage current of aroundA@etween the two terminals. Chapter
4 gives us the simulation specifications and theudi level modeling results obtained as

a result of leakage introduced due to ionizingatidn effects in the NMOS devices.
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Chapter 4

Simulation of ionizing radiation effects in an edevbit pipeline ADC

A pipeline ADC is composed of severd hit gain stages in series. The accuracy
of the pipeline ADC depends on the performancendividual 1.5 bit gain stage. If the
performance of 1.5 bit gains stadeteriorates it will affect the accuracy of the qbate

pipeline.

4.1 Switched Capacitor Network

The switched capacitor network in 1.5 dain stage is a very important block
which determines the linearity of the gain stageit&es used in the sample and hold
network of the gain stage needs to be ‘N’ bit Inédhe required accuracy of the gain
stage is ‘N’ bits. If the switches in the samplel d&old network of the gain stage are not
‘N’ bit linear, the gain stage linearity will de@ge which in turn will decrease the

linearity of the whole pipeline.

A leaky switch in the front end samplel dold is a threat to the accuracy of the
ADC. Leakage in a switch is tolerable when we mdee/n the pipeline as the required
linearity decreases by 6 dB for every stage. Liigaf a switch can directly be related to
the leakage levels in a transistor. High leakageléecorrespond to more degradation in

linearity.
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As discussed in the previous chapteizing radiation leads to the formation of
positive charge along the STI sidewall. This trappkarge increases the off state current
might lead to the wrong voltage values at the samgptapacitors. Modeling different
amount of leakages in a switch due to differentedosf radiation and comparing the
performance of a gain stage and hence on an elbitepipeline analog to digital

converter with and without leakage is the objectéhis thesis.

The gain stage with and without leakyitshvis implemented in the pipeline
structure and the performance is quantified basedifberent doses of radiation for the
given operating specifications. Figure 22 showsstugched capacitor network of the 1.5

bit gain stage.

Transmission Gate

‘ b2d CIl ¢!
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[ [ [

Vief+ Vemo  Vief

Figure 22: Switched capacitor network
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The amount of leakage current due t@iong radiation between the two terminals
in the switch is largely dependent on the diffeeebetween drain and source voltage of

the NMOS transistor when it is in the off state.

As discussed in the previous chaptekdga current increases exponentially in the
off state when drain to source voltage is incredsaa O to 2.5 volts. Simulations were
performed on the circuit shown in Figure 22. Digfietial input is applied to the circuit in
Figure 22. In order to see the drooping effectthenoff state of a switch in the open loop
configuration, a special test condition is createdich is not from the required
specifications. To be able to see maximum amourmntegfadation, a single ended input
swing of the magnitude 2.5 volts at a sampling desggy of 5 MHz is applied to
switched capacitor network. This test conditionves the worst case biasing to the

switched capacitor network so that maximum lealageoccur through the switch.

In the sampling phase of the clock (wldéock is high and switch is on), the
switch is tracking the input signal in a perfectrmear as shown in Figure 23. When the
switch is transformed from on state to off stateesd condition which is created increases
the voltage difference between drain and souraeibel in the off state to 2.5 volts so
that we can have leakage current of the order ofiIA&etween the source and drain
terminals of the NMOS transistor. Sampling frequeiscalso reduced to 5 MHz so that

we can have more amount of time for the switchetkl This large amount of leakage
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through the switch causes a lot of degradatioménhiold phase. The switch is not able to
hold the value on to the sampling capacitor indpen loop configuration and leaks.
Figure 23 shows a major droop in the stéite of a switched capacitor network

when used in the open loop configuration.
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Figure 23: Test results for a special condition

As we always make use of the circuit in the difféel@ manner, the output voltage when
taken differentially in the hold phase of the clesldegraded by an amount of 166.6 mV

which is a very big degradation.
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When the same circuit shown in Figureifsted in an open loop configuration
with a sampling frequency of 162.5 MHz (which ig tbriginal specification) and with a
single ended swing of 600 mV volts, we would notseeing a big amount of droop in
the hold phase as the amount of leakage betweenvtheerminals is of the order of 10
nA and also leakage time available for the swikchlso less which will keep the output

voltage intact in the hold phase of the clock.

4.2 Different sub-blocks affecting performance

The 1.5 bit gain stage is an integrat p&pipeline ADC. If some degradation is
observed in the working of a switched capacitomogk which is an integral part of the
single 1.5 bit gain stage, it is likely there woldd some degradation seen at the whole

pipeline ADC level as the same 1.5 bit gain stagepeated in the pipeline ADC.

The three bit flash which is being usedhe backend pipeline do not have any
switched capacitor network as the input is givaedly to the comparators, hence three

bit flash will behave as expected without any ddgtiean.

The op-amp, which is an integral partted 1.5 bit gain stage do not play any role
in degrading the performance of the circuit. As heve discussed in the previous
chapters ionizing radiation effects introduces #ggk in the NFETs only. There is no

leakage introduced in the PFETs because their edigasot turn on when exposed to
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ionizing radiation as their body material is N-typ@om the topology of the op-amp as
already discussed in chapter 1, there is no NFEEO us the design. BJT (NPN’s) and

PFETs are used.

The digital blocks used in the digital@ction logic of the ADC (registers, full
adders) used in the design do not play any majerirodegrading the performance as
such small amount of leakage due to ionizing ramhatdo not have any effect on the

performance of the digital circuits at macro level.

The comparator is also an important blatkch could affect the performance of
the circuit at macro level by giving out the wrodgcisions which could hamper the
complete functionality of the circuit. lonizing ration simulations on comparator are

beyond the scope of this thesis.

4.3 Simulation results for the given specifications

For the specifications of the ADC as tiered in chapter 1, the worst casg ¥
of the order of 600 mV single ended as peak to @wakg for the ADC is 1.2 Volts.
Also the sampling frequency is 325 MHz. The leakageent for this Vs is only of the

order of 9-10 nAmps for the maximum TID of 500 ksad
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Network 1

Figure 24: Switched capacitor network implementatioclosed loop

The switched capacitor network is inmpémted in the closed loop configuration
along with op-amp in negative feedback as showirigure 24. The simulations are
performed for the given specifications of the ADXS.we know from the structure of the
clocks as discussed in chapter 1, the non-overgpperiod betweerld andd2d
which are sampling and hold clocks respectivel§ggps which is extremely small to see
any major drooping. In the hold phase2(l) for the network 1 as shown in Figure 24, the
op-amp is in a closed loop configuration and sg®pturrent of very a high magnitude
which makes the closed loop system stable. Evierakfage of the order of few nA occurs
in the switches due to radiation effects, the op-dmgh output current nullifies the

leakage and keeps the output voltage intact.
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The same simulations are also performiga thhe much lower sampling frequency
of the order of 5 MHz along with doubling the sigsaing so that more leakage could
occur. It was observed that the simulation reswith and without leaky switches are
almost same. The reason being, even if we have laegg amount of off time for the
droop to happen if the frequency is lowered, the-aeerlapping period between the two
clocks is only 60 ps. In the off state, switchedamator network comes in the closed loop
configuration as it will happen in all the casesl ap-amp will provide large amount of
current nullifying any degrading affects due to 8ramount of leakage in the switches.
Figure 25 shows the simulation results of a sirfigke bit gain stage with the usage of
radiation models. We are getting an SFDR of arob#db with the usage of radiation

models. SFDR number almost remains same even igé#kg switches are removed.
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Figure 25: SFDR plots for special test conditiorl & bit gain stage

When simulations are performed to caltlthe SNDR (Signal to noise and
distortion ratio) of the 1.5 bit gain stage forfdient doses of radiation for the actual
specifications of the ADC as described in chaptendldifference in the performance is
seen for different doses of ionizing radiation las fleakage current is too small to cause
any major degradation. We will have maximum amairiéakage for the worst case Vds
of 600 mV which would not be the input pattern aje/dor given sampling frequency
and for given input bandwidth. Also due to the fH#wht the RSD algorithm performs

many different operations of adding and subtractivegreference voltages from the input
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voltage as explained in chapter 1, we would beipgssut the residue voltages to the
next stage in series which will be much lessemimg, hence less amount of leakage and

the integrity of the signal is maintained in thpedine.

Figure 26 shows the simulation resultshaf complete eleven bit pipeline ADC.

The effective number of bits (ENOB) value is consfar different doses of radiation.
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Figure 26: TID vs ENOB plot
This figure clearly shows that the ADC designedBiM 8HP 130nm process for the
given specifications is not prone to performancgraeation under the ionizing radiation

effects.

45



Chapter 5

Conclusion

A eleven bit pipeline ADC for given spezations is designed in an IBM 8HP
130nm process for NASA. It is simulated with andthout the effects of ionizing
radiation. A unique methodology is incorporated $onulating ionizing radiation effects

at transistor level.

When the ADC is simulated without anyirng radiation effects, an ENOB of
9.7 is obtained. Simulations were performed fofed#nt doses of radiation. When an
ADC is exposed to different doses of radiationgnag from 0 krads to 500 krads, it was
observed that the increased level of TID dosessléa@n increase in the off state leakage
current of an NFET (which is an integral part ofitsh) from few nA to 18 uA. The high
amount of leakage in the switch could be a detatilmg factor in the performance of a
circuit. It was found that the primary reason for eéxponential increase in the leakage
current is the trapping of positive charge along 8iTl sidewall region. It was also
observed that the amount of charge trapped indke axide is very less. Charge trapping
in gate oxides did not cause any threshold voltsigiéts in the gate oxide region.
Threshold voltage shifts were only observed alomgsilewall which was primarily the

reason for leakage in the NFET.
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When the complete ADC is simulated whik tadiation models against the given
specifications, it was observed that the leakagbenswitches of the gain stages were of
the order of only few nano-amperes. The samplirggdpof the ADC was very fast,
because of which there was no difference in thaievadf voltage at the sampling
capacitors with and without leaky switches. Duethe fact that we are sampling the
correct voltage at the sampling capacitors forlalels of doses, we did not see any

degradation in the performance of the whole AD@atro level.

There are many other sub-blocks of tiECAike op-amp, different digital blocks
which are also not susceptible to any performanegratiation due of the ionizing
radiation affects. Simulation results showed alnsagshe ENOB number of 9.7 when an

ADC is simulated for different doses of radiation

Hence, we arrive at a conclusion thatdlewen bit 325 MSPS ADC fabricated in

an IBM 8HP process for NASA is a radiation hardigiesip to a TID level of 500 Krads

for the given specifications.
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