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Chapter |

INTRODUCTION

Section 1.1 Overview

A single event (SE) occurs when an ionizing paetichverses through a silicon volume
creating excess charge along its path. Classicakgess charge drifts and diffuses to the
source/drain junctions of MOSFETSs in proximity teetion strike location, possibly leading to
single event upsets (SEU) in memories and singlastents (SET) in combinational logic
circuits depending on the amount of charge coltedte the MOSFET junctions. This charge
collection process can be affected by the MOSFETIT evgineering and sub-threshold leakage
mitigation implants.

The charge deposited by an SE may cause the welhial to modulate in the proximity
of the ion strike location, referred to as well grdtal modulation (WPM) and is illustrated in
Fig. 1. This well potential modulation can activétte parasitic bipolar inherent to the MOSFET
structure leading to addition charge collectiort tivauld not be collected by drift and diffusion
processes alone. Decreased feature sizes leadréased transistor density, WPM can envelope
multiple transistors causing parasitic bipolar geacollection at multiple nodes; one mechanism

of “charge sharing” among multiple MOSFETSs in su®im technology nodes [1].

Area of Potential

lon Modulation lon
Gate Gate| Decreased
i | s | | b B Feature Size

L —

Well v

Fig. 1. lllustration of well modulation collapse (WPM). A SE can cause the well potential to modulate in
the proximity of theion strike, shown as the shaded round area in thewell below the MOSFET. As
transistor density increase, WPM collapse can affect multiple devices.




As technology nodes progress to smaller feature aipunchthrough condition is more
likely to occur, which is the merging of the sousred drain depletion regions in the substrate
below the channel region controlled by the MOSFEAtegas shown in Fig. 2. When
punchthrough occurs, a nearly equipotential redmms between the source and drain. This
equipotential region has much lower potential learacross the source/drain-body junctions.
This allows electrons to easily flow from the drdm the source in the substrate. The anti-
punchthrough (APT) implants are used to preveninkeging of the source and drain depletion
regions, accomplished by increasing the substm@iespecies concentration (doping) in the
region where punchthrough occurs. There are vanwethods for creating APT implants in sub-

100nm technologies and can affect the SE chardection process.

ElecingsintePolentm [V]

'I 1. TE+ 00

1.3E+00
B3E01
II 2TEM
II:E.ﬁEﬂ?
&3E-0
0,4 0.2 0. 0.
X [um

(A

Fig. 2. Merging of the source and drain depletion regionsin the substrate of a PFET, referred to as punch
through. When punch through occurs, an equipotential region forms between the source and drain.

The focus of this thesis is to further understhod process engineering factors, such as
well depth and doping, affect WPM-induced multiplede charge collection and how APT
implants affect single device charge collection.rigtdons in contact spacing, well doping

concentration, well depth, presence of a P+ buager, transistor density are applied to a 90nm



bulk CMOS technology are applied using technologgnputer aided (TCAD) simulations to
obtain trends for WPM spatial extent and duratibB@AD simulations are used to explore the
effects of different APT implants, such as blandetl pocket implants, to analyze the affected

SE charge collection mechanisms.



Section 1.2 Overview of previouswork

Previous works have introduced the importance mdeustanding SE charge sharing
among multiple MOSFETSs. Charge sharing can occoalree of the direct collection of excess
charge by multiple MOSFETs (Fig. 3) and the actoratof the inherent bipolar by SE well
potential modulation (Fig. 4). It has been showrotigh experiments that charge sharing is of
real concern for sub-100nm technology nodes [2arG# sharing can affect combinational logic
circuits through “pulse quenching,” where the oradi SET produced by a struck transistor is
shortened by charge collected by nearby MOSFETrsgatioe signal path [3]. Multiple bit SEUs
can occur in memory arrays, such as a SRAM bank,ocaur because of charge being shared
among multiple circuit nodes, increasing single néverror rates [4], [5]. Even in radiation
tolerant circuit designs like DICE memory circuigich are immune to single node upsets,
charge sharing can affect multiple nodes if cargahseparation is used during physical layout
of the circuit [6]. Well potential collapse has heghown to be one of the mechanisms behind
charge sharing by activating the bipolar in mudiplOSFETs [7-9]. To fully understand the

charge sharing phenomenon, it is important to wstded what parameters affect WPM.

Direct Collection

of Excess Charge
Fig. 3. lllustration of charge sharing by direct collection of SE deposited charge.
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Well Potential
Collapse Region

Bipolar Activated

Fig. 4. lllustration of WPC inducing charge collection by activating the parasitic bipolar of multiple
MOSFETSs.

As technology scaling progresses, punchthroughbleasme a major concern as it can
result in higher static power consumption in MOSBEOvertime, this as lead to the creation of
blanket, gate aligned, and pocket APT implantasthated in Fig. 5 [10]. Blanket implants were
the first attempt at controlling punchthrough, lag technology scaling progressed blanket
implants created high source/drain-body junctiopacitances leading to higher dynamic power
consumption and slower switching speeds and caiktfere with voltage-threshold implants
due to following annealing steps in the processoVercome to drawback of blanket implants,
pocket implant techniques were created by using laiggle ion implantation. Using the high
angle implants, it was possible to place the podkwgilants directly in the region of the
punchthrough path while maintaining lower sourcaifthbody junction capacitances and reduce
the chance of the pocket implant from interferinghwthe voltage threshold implant. For
emerging technology generations, it is almost guaex that pocket implants are used in
controlling punchthrough.

The SE charge collection process has been exténsitedied for single MOSFET ion
strikes. Technology scaling reduces transistoredaurrents thus leading to smaller amounts of
charge needed to cause SEUs; the lowest amourttanfe to cause an upset in a circuit is
known as Qcrit. Also, sub-100nm technology nodes&heshered in the need of APT implants to
reduce sub-threshold currents. To the author’s kebye, there have been no studies on the

effects of various APT implants on SE charge ctilbec
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Fig. 5. Various APT implants. A) Gate aligned. B) Pocket Halo C) Standard Blanket D) Step Blanket

Section 1.3 Thesis overview

This work aims to characterize the spatial temptrends of WPM across various
parameters and the effects of different APT im@aom single MOSFET SE charge collection
through the use of TCAD simulations. To date, WPNéas have been characterized with
respect to single or two MOSFETS, but no study besn performed on the characteristics of
WPM itself. Also, the design for a novel circuitirgroduced that can be used to experimentally
characterize SE WPM collapse. With the availabtifywarious APT implants, it is important to
understand how these implants can affect the SEjetwllection process and how implants can
be implemented to improve radiation hardness. Thevipus literature on these topics is
discussed in Chapters 3 and 4.

Chapter 2 covers the basic 90nm bulk CMOS 3D TGAdel structure and associated
compact models used for simulations used in the VARMAPT implant studies. Well potential
collapse spatial and temporal characterization amtained in chapter 3. This chapter
characterizes WPM collapse across a wide spreadridus parameters to capture the global
nature of WPM. In Chapter 4, the WPM measurementittiis introduced with simulations as a
proof of concept. Chapter 5 explores the effectsasfous APT implants on charge collection
process. In addition, the effects of masking areeced to help improve radiation hardened

processes that contain APT implants.



Chapter 11

MOSFET SIMULATION MOLDELS

Section 2.1 Overview

This chapter covers the basic MOSET models usddtén 3D TCAD simulations. The
TCAD transistors are based on calibrated to cwvelthge curves obtained from the IBM 9SF
90nm bulk CMOS technology node. The baseline tsdmisiand well doping parameters are

presented for reference in future sections.

Section 2.2 3D TCAD MOSFET models

Previously calibrated full 3D TCAD device modelsre@ised as baseline structures for
all simulations. Calibration details are thorougblyvered in [11]. The well structure and STI
depth are based on 130nm technology node spemfisatas 130 nm and 90 nm well structures
are expected to be similar. Model creation and yean simulation are performed with
Synopsys Sentaurus tools, specifically the modedailt with Structure Editor and Mesh then
bias and heavy ions simulations are performed bgv&ie [12]. Simulations were performed on
the ACCRE computing cluster at Vanderbilt Univergit3]. This section covers current-voltage
characteristics of the models and doping conceatrabf the MOSFETs and well structures.

The nFET size used in all simulations has an achennel length of 80nm and width of
280nm. The current versus voltage curves are syt for nFET TCAD models and match
curves obtained from the IBM PDK. In Fig. 7, thesiscanFET, p-well, p+ buried layer, and p-
substrate are shown. All doping implants are cobaing Gaussian profiles shown in Fig. 8.

The actual length used in pFET simulations is 80fwo pFET widths are used, 280nm
and 840nm. Current versus voltage sweeps are p&iEd with 280nm width are shown in Fig.
9. The basic pFET, n-well, p+ buried layer, andupsdrate are displayed in Fig. 10. Gaussian

doping profiles versus depth are contained in Fig.
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showing the N-well, P+ buried layer, and P-substrate. C) Close-up view of pFET.

L eakaae Mitiaation

10



}

pFET Drain Cut-Line
1e+21¢ T T T T g T T

£ [— Arsenic
— Boron

—_
(0]
+
n
o

P+ Buried
Laver'§

>
@

&
=

_‘_‘_;
o o o
+ o+ 4+
L L I
N ® ©

Doping Concentration (cm™)

* -5 1e+16;
0

05 1 15
Depth (um)

o pFET Channel Cut-Line o pFET N-well Contact Cut-Line
E et € tes2te——— : -
N NG

§ 1e+20- Vit Imolant § 1e+20: 3
E= i = "IN+ [

8 fertol i s 1e+19;N Contact Doping
S i S i P+ Buried
8 1e+18§ 8 1e+18§— aver
o [ o [ ]
O te+17 O 1e+17;¢

)} : @)} :

£ fert—— — — < fe+16 — N\l
] 0 0.02 0.04 0.06 0.08 0.1 8 0 0.5 1 1.5 2

Depth (um) " Depth (um)
Fig. 11. 1D cut-line showing the doping concentr ation ver sus depths at various locations of the
pFET structure.

11



2D Cu-Line=

Ll

[
L TR R R R | T I

Z [um]

0 1 2 3
Y [um]

Fig. 12. 2D Plot of the side of both nNFET and pFET to show well dimensions.

12



Chapter 111

WELL STRUCTURE EFFECTS ON WPM RESPONSE

Section 3.1 Overview

The main focus of study for well potential modigdatin previous works focus on WPM
effects on a single transistor, sometimes multipénsistors [2], [4], [5], [7], [8], [14-17].
Amusan showed in two photon absorption laser erparis that WPM triggers the bipolar of
PFET devices in 90nm bulk CMOS [2]. WPM can aff8ET pulse shapes shown by DasGupta
[15]. Black, Gasiot, and Olson show that WPM isedily linked to multiple cell upsets in
SRAM arrays [4], [17], [18]. These works explainathwPM induces SE bipolar charge
collection on multiple devices. TCAD simulationsoshthat for the 90nm technology node that
WPM can spatially encompass tens of transistorsaf& MeV-cni/mg ion strike, inducing
bipolar charge collection at multiple nodes. Thimuter shows that WPM spatial extent and
duration are affected by layout and technology esscparameters. Mainly, these factors affect
the lateral resistance path from the transistotht® well contact (R-well) and the vertical
resistance path through the STI connecting to tek eontact metallization (R-contact), shown
in Fig. 13. Fig. 14 shows how the lateral resistait-well, of the N-well can be estimated to the
N-well contacts. A similar approach can used taulate the vertical resistance from the bulk of
the well through the STI to the well contact, R4zmt. Technology process parameters such as
well doping concentration and well depth can affibet well resistance and change the rate at
which charge is removed from the well, thus affegtivPM. WPM manifests differently in N-
well and P-well structures due to the more configedmetry of the N-well versus P-well in dual
well Bulk CMOS. To further understand multiple nodearge collection, it is important to
exercise various technology and structural parammetger a range of values to capture the
spatial and temporal aspects of WPM. The followshgpter will focus on characterizing WPM
over various factors divided into the following 8ens: well spacing, well doping, well depth,

presence of the P+ buried layer, transistor denisiyf dependence, and WPM in p-wells.
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s lon Well
Contact

P-substrate

Well Potential R-well  R-contact
Modulation Region

Fig. 13. Well resistancesthat affect SE parasitic bipolar current of a device. Well layout and
technology process parameters can affect theseresistances. Also, theseresistances can affect the
spatial and temporal characteristics of WPM.

Rwell =P "L I(W*H)

Fig. 14. lllustration showing how to estimate the resistance of the N-well.

Section 3.2 Simulation Setup

To properly capture the physical behavior of adgpiwvell in a CMOS logic application

during a single event transient, a large and coxI2 TCAD structure is used for mixed-mode

simulations, depicted in Fig. 15. This model u$esTCAD models described in the introductory

modeling section for the transistors; the baselimdl parameters, such as well doping, well
depth, and P+ buried layer, are based on the s@Gnma $CAD model. The nFET and pFET W/L
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values are 280nm/80nm in all simulations. The nBRT@ pFET are electrically isolated and only
share connections through the supply rails; bo#msistors are unloaded and have their
respective gates biased so the transistor is oftmnnel inversion), for example nFET gate and
source is connected to ground and the drain isesdad to VDD as shown in Fig. 16. The

voltage sources and electrical connections to BAD structure are made in the SPICE portion
of the mixed-mode simulation. Multiple dummy wedlee used to surround the central target P-
well and N-well containing the nFET and pFET tratmis. The central target N-well does not
laterally extend across the entire structure; ihidone to avoid WPM interaction with the non-

realistic simulation boundary. lon strikes are eeadl on the drain of the device in the target
well.

“TAE+ 16
“20E.20

Fig. 15. 3D TCAD simulation structure. A large structurewith multiple wellsis used to accur ately
capturethe WPC response of the P-well and N-well containing the nFET and pFET.
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VDD

P-well GND
N-well VDD
GND

Fig. 16. SPI CE voltage sour ce connectionsto TCAD MOSFETSs.

Section 3.3 Well Contact Spacing Effectson WPM in N-well Structures

One method for increasing transistor density in@3/designs is to increase well contact
spacing (reducing well contact density) and leavimgye active area for transistors in the cell
layout, a technique commonly used in SRAM arraygllWontact spacing affects the length
lateral well resistance path (R-well), shown in.F§. To examine well contact spacing effects
on WPM spatial extent and duration, simulation trices are simulated using three different
contacting schemes, shown in Fig. 17. Again, ioikest are simulated in the drain of the pFET.
Before extensively examining WPM results, a newhoétwill be introduced for plotting WPM
spatial extent and duration. Then, results are eeanshowing the effect of contact spacing on
WPM spatial extent and duration.
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Strip Contact Separated Contacts

N-well
P-well

10um or 20um

Fig. 17. Well contacting schemes simulated. Strip contacts provide least amount of well resistance
compared to the 10um and 20um spaced contacts.

Well Potential at Time of Strike
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Fig. 18. Plot showing potential along the N-well 20nm below the STI. Theion strike occursat the center of
thewell (Distance = 0) and the potential vs. the distance plot from the strike shows the WPM voltage drop
along thewell. This showsthe potential that can affect devices along the well.
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Comparison of N-well Potential 150ps After Strike
{— Cut Line Under STI

— Cut Line Under Source/Drain
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Fig. 19 Potential cut-line along the n-well. Cut-lines ar etaken below the source/drain diffusionsand STI.
The potential cut-line through the STI provides a good estimate of the potential seen closer to the
transistor.

In the following discussion, simulation resulte @xamined and a new way of visualizing
WPM spatial extent and duration is introduced ugimg three well contacting schemes. This
new WPM spatial extent and duration plot is usedthes method for comparison for the
remaining sections of this chapter. First, Fig.st®ws that the well potential is evaluated by
taking a 1D cut-line 20nm below the STI. In Fig. 880 potential cut-lines are shown at
different depths in the well; this plot shows theting the potential cut-line below the STI
provides a meaningful estimation of the potentedrsnear the transistor. The potential near the
drain is lower because of the depletion region dpgmshed out during the SE. While the
potential near the source is higher because oinjeetion of holes. At equilibrium, the cut-line
below the drain and source of the device will netébstraight line due to the drain depletion
region extending into the substrate. Source chemgetion occurs in a PMOS transistor when
the potential of the N-well becomes lower than plog¢ential applied to the source. To gain a
better grasp of how WPM manifests over time, FiysBows 1D potential plots versus distance
from a 5 MeV-cmymg ion strike in the N-well at progressive timasidg the strike. Initially
after the strike, the WPM collapse area is confittethe immediate area of the strike. . Shortly
after the strike, charge is able to drift and difufrom the strike location toward the well
contacts, generating a larger potential gradienthenwell. The metric used to characterize the
extent of WPM is related to the area in the welevehthe potential modulation from equilibrium

is equal to or greater than the zero-bias builpatential (VJO) across source-body junction,
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approximately 0.6V; potential modulation greatearthVJO completely forward biases the
emitter of the parasitic MOSFET bipolar and produtiee largest amount of source injected
current. The VJO region versus time plot is credtedalculating the distance over which well
potential modulation exceeds the source-body lnuiietential at that point in time; transistors
within this calculated distance will experience thaximum amount of source injected current
compared to other transistors in the WPM affectezh.aBy graphing the distance of well
potential modulation greater than the built-in agk (VJO) (assumed to be 0.6V for these plots,
but actual is 0.88V, all presented trends woulll Istild is 0.88V is used) versus time after the
strike, comparisons can be made WPM spatial esettduration can be made for different well
structures, illustrated in Fig. 21. The verticalsaf/JO distance) allows for a comparison of the
WPM spatial extent while the horizontal axis allolwsa comparison of the WPM duration. It is
clear from Fig. 21 that the WPM in the well withetktrip contacts is much more localized and
recovers to equilibrium much faster than eitherit@er 20 micron spaced contact variants.

Now, comparisons of WPM spatial extent and duratan easily be extracted from the
different contacting schemes. Previously, onlypstdiQum, and 2@m contact spacing WPM
results were shown for simplicity. Simulation reésubr strip, im, 2um, 4um, 8um, 1Qum, and
20um contact spacing are shown in Fig. 22.

As contact spacing increases, the maximum WPMapatient increases. This trend can
be seen in Fig. 22 by comparing the maximum VJ@adge for the various contact schemes,
with the strip contact having the smallest and 28em having the largest VJO distance. By
increasing the contact spacing, resistance to aoellacts becomes larger limiting SE restoration
current to the well. Current paths to the well eots determine the rate at which charge is
removed from the well after the SE. If the chaigaot removed promptly from the well after the
SE, the charge will begin to drift and diffuse thhgbout the well to reach a state of equilibrium
until sufficient charge is removed from the well tegin recovery of the potential or
recombination occurs. When contact spacing is aszd, charge is able to stay in the well
longer and spread farther in the well. Comparing dtrip and im contact schemes, the strip
contact is able to remove charge from the well masker than thein contacts leading to less

charge spreading through the well, in turn smaN&M spatial extent.
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Fig. 20. 1D potential cut line20nm below ST1 for an N-well strike at different times after the strike. Strip

contacting (green) WPM spatial extent and duration are sigificantly smaller compared to the 10um (red)
and 20um (blue dashed) separated contacts.

An interesting trend in the VJO distance is seefig. 22b; the maximum VJO distance
appears to saturate as the contact spacing becgreater than 8um. As contacting spacing
increases, WPM area becomes more of a functioheofdteral well resistance than the vertical
resistance through the STI to the well contacts®ffect can be explained by examining at the
formula for resistivity in relation to the dimene®of then well, Rp*Length / Area, illustrated
in Fig. 14,p = resistivity of the well and will be considereahstant for this thought experiment.
The opening in the STI for the separated contaats @ much smaller area than the lateral
opening on the well under the STI; for these sithoite the lateral well resistance and vertical
resistance through the STI are in series. As tparagion of the contacts increases, the length of
the lateral distance of the well increases thuseaming the lateral well resistance. The lateral

well resistance will begin to become comparables(ahe point greater) than the vertical STI
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well resistance; when this occurs, the WPM ared mgtome a function of the larger lateral
resistance of the well, and thus WPM area satuffategery large well contact distances. It is
hypothesized that the small increase in WPM VJ@adce seen in Fig. 22b (for the 20um
separation compared to the 10um) appears to satbestause of the increase in lateral well
resistance to the contacts. These results showNRAfl area and duration are a function of well
contacting densities, but if the well contactingsiies are very small, WPM area will appear to
saturate due to increases in lateral well resistanc

Another concern as contact spacing increaseseisintreases in WPM duration. As
explained earlier before in the section, resistdndde well contacts increase as contact spacing
increases, so charge removal from the well is slbws will increase the duration of the WPM
compared to the more densely contacted (strip). case

These results show that contact spacing can hawajar affect on WPM spatial extent
and duration. For very large contact spacing WPNIreech widths that can encompass tens of
transistors for 90nm. As scaling in creases, tetosdensities increase leading to an even greater
number of transistors being affect by WPM compaoe@0nm.
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Fig. 21. lllustration of how WPM built-in voltage (VJO) distance vs. timeis generated. TheVVJO Distanceis
calculated asthe distance over which potential modulation in the well exceeds built-in potential of the
sour ce-body junction at that point in time.
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Fig. 22. @) VJO distance versus time for various contacting densities. LET valueis5MeV-cm?mg. b)
Maximum V JO distance ver sus contact spacing. VJO distance saturates when contact spacing becomes
greater than 8um.
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Section 3.4 Well Doping Concentration Effectson WPM in N-well Structures

Well doping concentration has a direct effect oa tlonductivity of the well, affecting
both the lateral resistance of the well and theicedrresistance through the STI to the substrate
supply rail. Increasing the well doping concentmatreduces the well resistance and decreases
WPM area and duration. Fig. 23 illustrates thateasing the peak N-well doping concentration
by an order of magnitude produces approximatelgoofl magnitude decrease in WPM distance
and duration. As technology scaling trends contitmueeduce transistor size, N-well doping
concentration can be expected to increase, buhtghémum level of N-well increase is governed
by the tolerated amount of drain/source-body jumcticapacitance. Also, well doping
concentration may not be able to continue to ireweaith technology scaling as well doping
will begin to interfere with channel implants [19%s well doping concentrations begin to
saturate between technology generations, WPM aréalaration may become a more constant

value in future technologies.

VJO Diameter vs. Time

E15 — Peak Doping 1e17cm”™
= ~ Peak Doping 1e18cm
@10
@
E
25
] o
10um Contact Spacing 2
LET=5MeV-cm/mg % 700 200 300 400 500

Time (ps)

Fig. 23. VJO distance vs. time for 1e17cm™ (black) and 1e18cm™ (red) peak N-well doping concentrations.
An order of magnitudeincreasein peak N-well doping concentration can produce almost an order of
magnitude decreasein WPM distance and duration.

Section 3.5 Well Depth Effects on WPM in N-well Structures
Changing the N-well depth has a major effect @nltiteral well resistance under the STI
to the contacts. To change the well depth, the peglkimplantation depth below the silicon

surfaced is placed at a different depth and theagping distance of the well implant is changed
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from the peak doping concentration location. Toieah the 0.6um and 1.2um well depths for
this section, Fig. 24 shows the how the peak afldff of the Gaussian well implants. Fig. 25
shows that for the 0.6um well depth the WPM distahecomes almost of factor of 2 smaller
compared to the 1.2um depth. The factor that deesee¢the WPM distance is the change in
amount of deposited charge due to the different degiths; the 0.6um well depth collects about
half the amount of charge as the 1.2um well, thasving less charge is deposited in the 0.6um
deep well. The smaller amount of charge colleatettheé 0.6um deep well leads to smaller WPM
spatial extent than the 1.2um deep well. Redudmegwell depth decreases the well volume
under the STI increasing the lateral well resistatac the well contacts. The increased lateral
well resistance to the contacts of the 0.6um weptl increases the duration of WPM since
removal of charge from the well takes more timentttee 1.2um well depth structure. The trend
to decrease N-well depths as process technologmggss is rooted in decreasing latch-up
vulnerability, but decreasing N-well depth is coasted by the same factors as increasing the N-
well doping: higher source/body junction capaciem@nd increased well doping interaction
with channel implants [20]. Thus, as technologylisgacontinues, WPM spatial extent will
become smaller, but the WPM duration will increase.
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Fig. 24. N-well doping concentrationsfor 0.6um and 1.2um well depths.
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Fig. 25. VJO distance vs. timefor 1.2um (black) and 0.6um (red) N-well depths. A factor of 2 decreasein
N-well depth produces almost factor of 2 decreasein WPM distance.

Section 3.6 P+ Buried Layer Effectson WPM in N-well Structures

Deep p+ implants are used to help reduce the rsbsesistive path from the p-well to
the n-well improving SE latch-up performance; thealtion of the p+ buried layer is below the n-
well and p-well implants shown in Fig. 26 [21]. Theesence of the p+ buried layer does not
have a large effect on the n-well resistance coetpto the previously discussed factors. Instead,
the p+ buried layer limits the n-well substratergeacollection by reducing the n-well depletion
region depth into the p-substrate. By reducingrtiveell collected charge from the substrate by
using a p+ buried layer, only the charge depositedwell region and the small depletion region
into the substrate needs to be removed from theslh{although in practice there is charge
injected by the PMOS source as well). Thus, thegiree of the P+ buried layer has less charge
that needs to be removed from the n-well allowiogd smaller WPM distance and duration
compared to having no P+ buried implant as sedéiign26. Calculations show that the presence
of the p+ buried layer can reduce the n-well déemptetlepth by a factor of three; simulation
results show that the presence of the p+ buriegr llgduced the amount charge collected by the
well contacts is reduced by a factor of three shgwa strong correlation to depletion region
depth. The p+ buried layer can provide multiple dfés, SEL mitigation and reduction of SE
bipolar multi-node charge collection.
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Fig. 26. WPM Distance vs. Timefor thewdl structureswith and without a P+ buried layer. Presence of
the P+ buried layer reduces substrate charge collection to the N-well reducing WPM distance and time.

Section 3.7 Effect of multipletransistors on WPM

In actual circuit designs there will be multipleanisistors present in well; previous
simulations used a single transistor in the welldduce simulation time and resources. The
sources of other transistors help to reduce WPMbw]njection of charge carriers. The effect of
multiple transistors is examined in this sectiomggwo simulation structures containing one
transistor and five transistors, shown in Fig. PHe five transistor structure uses five pFETS
with W/L of 280nm/80nm with 150nm spacing betweeacle transistor. All pFETs are
electrically connected to be in the off state, ¢tlain is connected to ground and the gate and
source are connected to VDD. These structures gowisight into the interaction of multiple
transistors and WPM by showing that the introductd multiple sources help to maintain well
potential and additional source and drain diffusiorcrease well capacitance.

As Black predicted, the sources of additional tistoss in the five transistor simulation
reduce the WPM distance compared to the singlsistm simulation, seen in Fig. 28 [4]. When
the well collapses near the pFETs adjacent to thelks device, the parasitic bipolar of the
pFETSs are triggered and holes are injected intowdléfrom the source. Some of these injected
holes escape being collected by the drain of tHeTp&nhd remain in the well, thus increasing the
well potential. It can be said that the source-bpohgtion is trying to pin the potential near the
pFET to VDD minus the potential across the souma@yljunction; the sources act at as pseudo

contacts to help maintain the potential in thatarg

26



Another trend is seen in Fig. 28, the rate of esmanand contraction of the VJO distance
are different for the one and five transistor siatioins. A simple explanation for this is related to
the resistor-capacitance (RC) time constant of vite. The initial hypothesis is that the
additional drain/source diffusions of the five tsetor simulation increase the capacitance
portion of the well RC time constant (similar toaclging the resistance of the well) compared to
the one transistor simulation. As the potentialthe well changes near the transistors, their
depletion regions are modulated and the chargehiisbn of the well is changed in the regions
near the transistors. In effect, this capacitanodutation slows down the WPM response of the
five transistor case compared to the one transstaulation while restricting the maximum
spatial extent of the WPM. This slower responseazarse the WPM to occur for a longer period
of time in the well before the well potential comaly recovers.

As technology scaling continues, transistor degsitwill increase, hence the density of
source/drain diffusions in wells increases. Thi$psedo restrict the maximum WPM spatial
extent by acting as pseudo well contacts. As theceddrain diffusion density increases, the
recovery time of the WPM is elongated causing thiagitic bipolar of transistors in the area of
the WPM to be activated for a longer period of timereasing charge collected by the affected

transistors.

1 Transistor 5 Transistors

150nm

P-well P-well

Fig. 27. [llustration of 1 and 5 transistor smulations. Thetransistors are spaced 150nm apart in the 5
transistor simulation.
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Fig. 28. VJO versustime potsfor 1 and 5 transistor n-well strikesfor a LET value of 10 MeV-cm%mg. The
5transistor simulation has a smaller maximum VJO diameter than the 1 transistor simulation. Thereisa
delay in theriseand fall of the VJO diameter for the 5 transistor simulation.

Section 3.8 WPM LET dependence

So far, in this chapter we have seen how WPM iscédfd by resistive changes in the
charge collection path and changes to the charljecton volume of the n-well. Next, WPM
will be examined by changing the particle LET valtheis varying the charge deposited in the n-
well. In Fig. 29, it can be seen that a factor dh@ease in LET leads to a factor of 2 in the
WPM distance and duration. As seen in section WBM is a function of the resistive path to
the well contacts. Thus, the distance and duraifo?W/PM is dependent on how quickly charge
can be removed from the well. More charge thateisodited in the well requires more time to
remove, allowing more time for charge that is nemoved by the well contacts to drift and
diffuse over a larger area. For a given contacsiignWPM distance and duration are a function
of the deposited charge and restoring current ¢owibll. As the LET of the incident particle
becomes greater than 10 MeV#%mg, higher charge densities may cause Auger and
concentration-dependent SRH recombination to plgyeater role, thus the WPM distance and

duration may not be linearly promotional to LET tbe ion for values greater than 10 MeV-
cnt/mg.
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Fig. 29. VJO diameter vs. time for 5and 10 MeV-cm?mg LET values for 10um separated contacts, 1.2um
well depth, and P+buried layer. A factor of 2increasein LET causes a factor of 2increasein WPC
diameter and duration.

Section 3.9 WPM in P-well in Dual Well CMOS

The severity of WPM collapse in p-wells for duall\W®ilk CMOS process is much less
than in n-well structures. Fig. 3hows 1D potential cut lines versus time for a 3/Men?/mg
strike for strip and 10um spaced contacts; durimg $trike, the potential does vary from
equilibrium 0.75V for a short distance from theksy but shortly after the strike the potential
modulation recovers very quickly to equilibrium @alfor both contact schemes. This fast rate of
recovery is attributed to the backside substratetambd and contacts in other p-wells in the
structure. All of these contacts are able to creatéti low resistance paths for charge to be
removed from the structure resulting in small WPidaaand duration. Thus, SE bipolar-induced
charge collection from well potential modulationnet a major concern for nFET transistors,
especially for multiple nodes [8]. Less stringestdl contacting schemes can be used for p-well

structures with no increase in bipolar multiple eatharge collection.
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Fig. 30. 1D potential cut linesvs. timefor a5 MeV-cm?mgion strikein a p-well. For p-well strikesin
dual well CMOS, the WPM issmall and short even for spaced contacts, compared to N-well strikes.
Approximately 50ps after the strike, the potential for the strip contact (black) and 10um spaced
contact (red) has completely recovered to equilibrium values.
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Section 3.10 Conclusion

Contact spacing TCAD simulations shows that fer @%nm technology node that WPM
can spatially encompass tens of transistors, imdulsipolar charge collection at multiple nodes.
Contact spacing is an important parameter in cmgoWPM spatial extent and duration.
Increased contact spacing will increase WPM spatiéént. At very large contact spacing, the
spatial extent of WPM appears to saturate. Forettf@m simulations WPM can encompass
more than 10 transistors; this means that muligieuit nodes can be affected by SE bipolar
charge collection. Also, as contact spacing in@eathe WPM duration increases extending the
duration of SE bipolar charge collection.

The other parameters described in this secti@taeb factors controlled in the process:
well doping concentration, well depth, the preseoica p+ buried layer, and transistor density.
As technology scaling progresses, well doping cotteéon tends to increase causing decreases
in WPM spatial extent and duration, but doping @nrations can only be increased to a certain
value before introducing detrimental effects. Wigpth tends to decreases as technologies are
scaled which can decrease WPM spatial extent acréase WPM duration. Transistor density
increases from technology scaling help to reduceMWspatial extent while the added
capacitance from diffusions can cause slight iregean WPM duration. Overall, as technology
scaling continues WPM duration and spatial exteoul decrease if the above simulated trends

are accurate and scaling guidelines don’t charggefsiantly in future technology regimes.
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Well Potential M odulation Expansion

Chapter 1V

Section 4.1 Overview

In Chapter 3, for various structures we saw WPagxling across very large distances
in very short time periods on the order of hundrefipicoseconds. This section proposes the
mechanism through which WPM expansions occurs étdusimple electrical transmission of
the SE generated potential modulation in the N-vedler the ion strikes occurs. The SE
generates a potential pulse in the N-well at thkestocation; this pulse then travels along the N-
well similar to any other electrical signal in andoictive medium. To support this hypothesis, a
potential pulse is generated with a voltage orentrsource to decouple the charge deposition
affect that occurs during an ion strike from thguténg potential in the well. It is shown that the
voltage and current course pulse widths producporeses identical to the potential variation

generated by a heavy ion.

Section 4.2 Simulation Setup

To study SE potential modulation expansion (padémropagation), it is important to
decouple the charge deposition of the ion strikenfresulting the potential modulation in the N-
well. Using the 10um contact spacing structure fobrapter 3, the pFET is removed from the 3D
structure and is replaced with an N+ implant tovte proper conductivity to the N-well at that
point, shown in Fig. . Either a voltage or curraorce in connected to the central N-well
contact in Fig. . The variable voltage source hasm@eform with a 10ps fall time (from 1.2V to
0V) and rise time of 400ps that emulates the heéaw\strike generated potential pulse shown in
Fig. 32. The variable current pulse mimics the ghatleposition of the heavy ion deposited

charge, with a 10ps fall time and 20ps rise timses®n in Fig. 33.
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Well Contact Well Contact
VDD 10um Vl:iD

Fig. 31. Simulation structure used with voltage and current sour ces. 10um spaced contact
structure used from chapter 3 with the pFET device replaced with a N-well contact.
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Fig. 32. Variable voltage sour ce waveform. Shape triesto imitate the potential variation of the
heavy-ion strike, 10psfall time and 400psrisetime.
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Fig. 33. Variable current sour ce waveform. Shape mimicsthe heavy ion charge deposition rate,
10psfall time and 20psrisetime.

Section 4.3 Well Potential Modulation Expansion of Heavy lon, Voltage, and Current
Sour ces Results

Regardless of how the potential modulation isdtgd into the N-well, we see that
expansion of potential modulation is extremely fam({if not exactly the same) for the heavy
ion, voltage and current sources. To analyze thpamse of the three sources, 1-D cut-lines are
taken 20nm below the STI (similar to chapter 3) plodted at various times during the recovery
after the peak of the all source waveforms in By.Ops in the Fig. 34 A) corresponds to 100ps
in Fig. 32 and Fig. 33. In Fig. 34 A), at the peaksll sources there are differences in the ihitia
potential plots, as should be expected due toifferehces in the sources. It is important to note,
the Ops plot occurs after initial injection of sig® into the N-well, in other words all three
sources have began generation ~10ps before thgld@pshown. From 10ps to 200ps, we see the
potential expansion of all three sources is bdgiddentical. This is a very interesting and
important result showing that the well potentigbamsion may not be a function of the deposited
charge of the heavy ion strike, but a functionha potential pulse generated by the ion strike in
the N-well.
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Fig. 34. 1-D potential cut-lines along the N-well 20nm below the ST1 at varioustimes after peak
signal generation for heavy ion, voltage, and current sources.
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Section 4.4 Proposed M echanisms of Potential M odulation Expansion

The results from section 4.3 indicate that the SEMMexpansion may not be directly
coupled to the deposited charge of the heavy iokestFor instance, looking at the case of the
voltage source, we see we have the same potexpahsion as the heavy ion strike. This would
imply the potential expansion is a function of wellaracteristics and not the source which
generates the potential modulation, leading onsuspect that SE well potential modulation is
simple electrical transmission of a potential pudseerated at the strike location. It is important
to note, that excess generated electrons gendogtéte ion strike do not disperse farther than
roughly 2um from the strike location, so expansibrexcess charge from the strike location is
not responsible for WPM expansion. The WPM expang® controlled by two different
mechanisms: the resistive characteristics of tHeame the generated potential pulse width.

WPM expansion can be related to the analogy obleage pulse traveling through a
transmission line. When a voltage pulse travelsubh a transmission line, it does not change
the carrier concentration in the medium as it elemfly propagates, similar to the WPM
expansion. How the voltage pulse travels down thegliom is determined by the resistive-
capacitive (RC) characteristics of the wire and that signal itself. If the WPM expansion is
solely determined by the characteristics of thel,wbken what source generates the potential
pulse in the well does not matter to first ordehiriking of the N-well as transmission line,
changing the resistance of the N-well will affecwhthe WPM expansion occurs and is not
dependent on the source that generates the pdtenisa.

The WPM expansion is determined by the potentigdeglength generated by the heavy
ion strike. The potential pulse length injectedthe N-well is determined by how quickly the
potential is able to recover in the immediate arethe strike. The affects of the recovery time of
WPM can be seen is chapter 3 simulations. The mtatesting of which is the presence of the
p+ buried layer and LET dependence. The p+ buagdrland LET dependence do not directly
affect the resistivity of the N-well to first orddout affects the N-well collection volume. The
more charge deposited in the N-well collection vady the longer it takes for the potential to
recover in the at the immediate strike locatione Tonger the generated potential pulse, the
further WPM expansion occurs. When the potentigirizeto return to its equilibrium value, the
generated potential pulse will become attenuatedhbyRC characteristics of the well before

further WPM expansion occurs.
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Section 4.5 Future Work

To fully prove that WPM expansion is simply eleit propagation of an electrical
pulse, more simulation and analysis will need tacteducted. First, more time slices will need
to be created to see how the initial voltage pelgaves for the heavy ion, voltage, and current
sources. This involves taking a time slice eveigofgecond 20ps before after peak deposition
for all three sources. Another interesting simolatwould involve using the voltage source; the
voltage source input would have a fall time of 1@psl remain at OV until the well equalizes.
This would allow us to analyze the actual transiorstine behavior of the N-well and allow for
an estimation of the RC time constant of the wedktly, voltage pulse simulations of the all the
variants in chapter 3 should be performed to ptbeeelectrical signal propagation theory holds
for all cases.

Section 4.6 Conclusion

WPM expansion is proposed to be the electricahadiggropagation of potential pulse
generated by a SE. Comparing the heavy ion, vqli@ge current sources provides a promising
indication of the proposed mechanism. Using théagal and current sources indicate that WPM
expansion is independent of the excess carriergsited by the heavy ion, but a function of the
potential response caused by the generation ofeoess carriers. After the generation of
potential pulse at the strike location, WPM expansis appears to be dictated by the RC

characteristics of the well as the potential ppisgpagates.
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Chapter V

WPM MEASUREMENT CIRCUIT

Section 5.1 Overview

This chapter covers a novel circuit design that ba used to measure the extent of
WPM. To date, WPM has not been experimentally dfiadtin bulk CMOS designs.
Simulations show that this concept can feasibly sueathe maximum spatial extent of well

collapse. The various components of the circuitcareered along with design considerations.

Section 5.2 Application of substrate contacts for well potential measur ement

The heart of the WPM measurement circuit involuesig substrate contacts to sense
voltage at different physical locations in the w&ill 90nm bulk CMOS simulations, the substrate
contact can be used as a voltage sensor contactnd&rated in Fig. . The spacing between the
substrate voltage sensor contact and the edgeedbRET in Fig. a is 140nm. For a 10MeV-
cn’/mg ion strike, the voltage substrate sensor congaable to monitor the potential at that
point in the well over time, the red curve in Fly. this voltage sensor substrate contact is
connected to the input of a buffer and is ableltange the output state of the buffer (blue curve).
Using a substrate contact for voltage sensing gesva usable signal for particle LET values as
low as 1 MeV-crmg for a buffer. The only concern is to select ethnd of detecting the
voltage signal at the substrate contact that is&ad sensitive to the change that occurs at that

point in the well.

Section 5.3 Voltage sensing circuitry

Section 4.2 shows that a buffer can produce dadligignal from voltage signal produced
by a substrate voltage sensor contact. One caramusgray of buffers connected to substrate
sensor contacts to measure the spatial extent &l \ilRistrated in Fig. 36. When the potential
of the well varies by more than switching threshetdtage of the buffers in the region of a

substrate voltage sensor contact, the output dbtlffer

38



Struck Inverter PFET
Buff_In D Buff_Qut B) Output Voltage
A) |[—— = VDD 1.2 . o
7 Well Con ]
Sensor |4 & R o0 >0.9-
Contact | \' = y &9 gl
ol | E’O 6- — Out Hit]
o — Buff_In |
ik / DD 0.3
Out_Hit _E'

Well 100 200 300 400 500 600
Collapse ~Time (ps)
Farticle LET 10 MeV-cm2/mg
Fig. 35. A) Illustration of a substrate contact being used to sensethe well potential near an inverter. A 10
M eV-cm?/mg strike occursin the pFET drain. The substrate sensor contact (not connected to a supply
rail) is ableto detect thewell potential at that point in thewell over time, shown in B)
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Fig. 36 lllustration of using multiple substrate voltage sensor contacts and buffersto capture the extent of
WPM. If thewell potential under a substrate contact varied more than the switching threshold of a
buffer, Vg, the buffer output will switch and set the SR latch connected to the buffer. The SR latch array

isthen loaded into a Paralld in/serial out shift register to move the data off chip

39



will change state, setting the SR latch conneatetthe buffer. Then, the output of the SR latch
array is loaded into the parallel in/serial outftshegister to be transmitted off chip. Serially
shifting the data off chip greatly reduces the nambf out pins. This method does not
completely capture all the voltage and timing chemastics of WPM, but using TCAD
simulations in conjunction with this method shoaltbw for a full analysis of WPM. As is, this
measurement circuit can be used to for qualitadivalysis of various well contacting schemes
and transistor densities.

An alternative to using buffers as the voltagessen circuitry would be differential
amplifiers. Using an array of differential amplifseas comparators, it would be possible to
change the reference voltage of the differentigbléiars; this can find the exact well potential
at the substrate voltage sensor contacts, ratherrlying on just the buffers’ single threshold
switching point voltage. Of course, there are drasids to using differential amplifiers: design
complexity and speed. Differential amplifiers areaim larger than the buffer and require more
area and time to layout. Also, a differential arfi@tiwill be slower than a buffer. With proper
circuit design, differential amplifiers maybe aliteprovide a more accurate analysis of WPM

than buffers.

Section 5.4 Design consider ations

The main issue with connecting the substrate geltsensor contact to a probe pad to
directly measure the potential off chip is the &aaf capacitance inherent to the pad. This large
capacitance would affect the WPM completely skewiiregresults. If it is possible the capacitive
loading on the voltage sensor substrate contactst i@ kept at a minimum. An array of
transmission gates can be used to select whicliratdgontact is sampled at a particular point
in time, shown in Fig. 37. The t-gates are abldisgonnect the capacitance of the voltage sensor
circuitry (the buffers in Fig. 37) from the welhus reducing the capacitive loading that can
affect the WPM. The loading capacitance assocmitddvoltage sensor circuitry is usually gate
capacitance and be on the order of 1fF for 90nrk BMOS; capacitive loading of an off t-gate
can be an order of magnitude lower than the gaiadaitance. For sensitive measurements where
the WPM is sensitive to capacitance, it is impdrtarreduce capacitive loading on the substrate

voltage sensor contacts.
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Fig. 37. An array of transmission gates (t-gates) can be used to select which substrate contact is sampled
at agiven point in time. Thetransmission gates can disconnect the capacitance of specific buffers, thus
reducing the amount of affecting the WPM.

Section 5.5 mplementations and Future Work

This circuit has been constructed in AMI 0.5um aR8MC 90nm bulk CMOS
technologies nodes. Unfortunately, when constrgdtie circuit in 90nm at the schematic level
the p-well and n-well sensory circuits were wiraddrrectly and the circuit would not operate so
no test data could be gathered on the circuit. @Bam circuit is schematically operational, but
no has been obtained at this time. Currently, veevaiting for test time to become available at
the Naval Research Laboratory (NRL). Space has besgrved to implement this circuit in
TSMC 28nm Bulk CMOS.

Another test is in the design phase for futuragiesthat would allow us to capture the
maximum duration of the WPM. Fig. 38 shows an eXang using a time measurement circuit
(similar to the SET measurement circuit in [22])ni@asure the maximum duration of WPM.
Using the substrate sensor contacts connectedffierfgyuthe output of the buffers are connected
to an OR gate (or similar OR structure) and coretetd a time measurement circuit. During the
WPM, the sensor contacts located within WPM ardaaaiuse a pulse to be sent through the

time measurement circuit. The pulse duration wolincide with the time it takes for all of the
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potential to be restored at all the contacts in\WWfeM area. The pulse is stored in a series of

latches that can be serially shifted off chip andlgzed to get the duration in pico-seconds.

Time Measurement

Circuit
I
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= VDD
[ lon Well Con
Sensor /DD
Contacts il
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P-well
/ |j_VDD
Well Potential E
Collapse

Fig. 38. lllustration of a circuit to measure the WPM maximum duration. The time measur ement
circuit usesa similar design that isused in [20].

The above circuits have focused on structuresafserlexperiments. To capture the WPM
spatial extent during broad-beam heavy ions thsttést structure needs to have a larger target
well area and more complex detection circuitry wath area much smaller than the target well
area or at least less vulnerable than the targkétvea. Fig. 39 shows that using multiple rows of
n-wells and p-wells, substrate sensor contact buffem the different n-wells can be connected
to an OR gate to simultaneous detect WPM in alhefwells simultaneously, while reducing the

amount of latch circuitry required to capture thellwnodulation.
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Fig. 39. Illustration of WPM spatial extent measurement circuit for broad-beam heavy ion testing.
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Chapter VI

SE RESPONSE OF ANTI-PUNCH-THROUGH IMPANTS

Section 6.1 Overview
As technology scaling progresses, leakage cuiretite substrate region between the

source and drain of MOSFET transistors can incréasa one technology node to the next.
This increase in leakage current is directly a#fdcby decreasing channel lengths. A current
path is formed in the substrate below the contfdhe transistor's gate when the source and

drain depletion regions merge (known as punch gitphushown in Fig. 40.

Fig. 40. [llustration of punch through in a PFET. Merging of the source
and drain depletion regionsin the substrate current leakage path.

To mitigate punch-through leakage current, antighdthrough (APT) implants are created by

increasing the substrate doping concentration letwie source and drain to prevent the
merging of the two depletion regions. Various teghas are used to create APT implants: gate
aligned, pocket halo, standard blanket, and stapkiet implants as seen in Fig. 41.
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Fig. 41. Various APT implants. A) Gate aligned. B) Pocket Halo C) Standard Blanket D) Step Blanket
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Fig. 42. SE mechanismsthat can be affected by APT implants: bipolar induced current, drain-body
junction recovery, and resistive path to well contact.

The type of APT implant used can have an affeabro@ or more SE recovery mechanisms. Fig.
42 illustrates the three mechanisms APT implants affected, drain-body junction recovery,
bipolar induced current, and the resistive pattheowell contact. These implants can have an
affect on the charge collected deposited by a siegént, dependent on the LET of the incident
particle and restoring current at the struck nddethis chapter, after examination of TCAD
simulations of various implants, the SE mechanisffiscted by APT implants are explained.
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Lastly, by making alterations to the APT maskingela the well potential recovery can be

decreased leading to improved SE pulse width respon

Section 6.2 Simulation Structures

The results presented in this chapter use the 99oaels described previously as the
baseline structure (referred to as No-APT trangidtw the TCAD structure and APT implants
are added to the baseline structure. The resudsepted use APT implants to further reduce the
subthreshold leakage current from baseline stractlihis was done to ensure that the only
variation between the different APT implants and baseline structure was the APT implant.
Hence APT variations could be analyzed for théfea$ on SE charge collection. The transistors
are simulated with no load on the drain of the deyunless stated otherwise. No load condition
is chosen so only the APT implants will affect ttlearge collection process. Also, for the
different implants various ion energies are useéutther characterize the response. Using the
standard 90nm model as described, it is possiltlg dmderstand the affect the APT implants

have on the SE response in CMOS transistors.

Section 6.3 Gate Area I mplants

Gate aligned and pocket halo implants are ofted usenodern processes due to lower
penalties to source and drain diffusion capacitanm@mpared to other implant types; these
implants affect a small area of the transistor laande a small affect on the SE charge collection
when compared to the baseline transistor. Fig.n#8vs there is no difference in drain currents
during a single event between the transistor wéite gligned implants and the baseline transistor
with no implants; the SE drain current shown istrékes through the drain of a pMOSFET
transistor. The same response is seen for highegnergies. Since these gate area implants (gate
aligned and pocket implants) do not interact witlarge area of the drain and source depletion
regions, they do not change the drain-body respdnseldition, the distance between the source
and drain below the low doped diffusions, where tjse area implants are placed, is
approximately 100nm; this distance is small encilngth doping concentrations higher than those
generally used for APT implants will not affect tB& bipolar response. The same response is

seen in nMOSFET transistor with gate area implaatsus the baseline transistor with no APT
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implant. After examining these results, it is easken that gate aligned and pocket halo
implants do not significantly contribute to the &Sponse of the transistor.
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Fig. 43. pM OSFET drain currentsresulting from a 1 Mev-mg/cm? strike. Thereis no significant
differencein the currents amona the 3 different transistor PT implants.

Section 6.4 Blanket Implants

Blanket APT implants are generally found in tedbgyg nodes larger than 100nm due
mainly to the increased source and drain junctiapacitances compared to the previously
described gate area implants. Using the same nmaskyer used to create the wells, blanket
implants can cover the entire well in the areahef gubstrate beneath the transistors; this allows
the blanket implant to have a much larger affectttuan SE response of the transistors when
compared to gate area implants. For SE strikediendrain of pMOSFET transistors with no
load, Fig. 44 and Table 1 show the difference mirdcurrents and collected charge for various
ion energies. The difference in collected chargethsd transistors with blanket implants
compared to the baseline transistor is much higdrelower ion energies. This is mainly due to
drain-body junction recovery in the different tremisrs. The following section will discuss the

how the blanket implants affect charge collectignaffecting the recovery of the drain-body
junction and bipolar induced current.
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Fig. 44. pMOSFET SE drain currents. Shown arestrikesfor 1, 20, and 80 MeV-mg\cm? For higher ion
energies, the affect blanket implants have on the SE response becomes less compared to a transistor with
no APT.
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Table 1. pM OSFET total collected SE charge. Asion energiesincrease the differencein collected chargefor a
transistor with blanket implants become less compared to a transistor with no APT implant.

Collected charge (fC)
LET Blanket No APT % difference
1 3.074 4.73 35
10 51.25 64.92 21
20 128.84 152.09 15
80 474.4 515.19 8

For the drain-body junction to recover from a #&ngvent, the charge deposited in the
depletion region must return to concentrations lkeveomparable to that of the doping
concentrations in those regions [23]; this allows the potentials and electric fields to be
returned to their pre-strike equilibrium conditiofi$ie higher doping concentration and smaller
depletion region caused by the blanket implantswalior faster recovery of the junction when
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compared to the baseline transistor. Fig. 45 shawents for pMOSFET strikes with no load
for various ion energies on the standard blankek ARplant and baseline transistor. A transistor

with a blanket implant produces a lower drain cotréor almost the entire duration of SE, when
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Fig. 45. Drain currentsfor SE strikes of pM OSFETswith no load. Blanket implants allow for
slightly faster recovery of thejunction resultingin lessdrain current. LET unitsin
M eV-cm?/mg.

compared to a transistor with no APT. This attrdolto the higher doping concentrations of the
blanket APT near the drain junction. Fig. 46 shadkes electron concentration at different times
after the SE occurs. The electron concentrationtigtafter the strike more closely resembles the
pre-strike electron concentration in the transistith the blanket implant than the transistor with

no APT; this allows the transistor with the APT ilamt to recover more quickly than the no
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APT baseline transistor. The blanket implants bexdess effective for higher energy ions
because the blanket implants can only become affeethen deposited excess carriers equal
doping concentrations in the depletion region. e drain-body junction recovers, the potential
near the device returns to the pre-strike equiibripotential, thus the source injected current
becomes smaller. Since the transistor with thekatarmplant recovers more quickly than the
baseline transistor with no APT, the source ingatarrent for the transistor with the blanket
implant will be less, shown in Fig. 47. Lower saunnjected current into the drain of the
transistor decreases the amount of charge colldstdtie drain. A similar response is seen for
NMOSFETS, but a significant decrease in drain ctéié charge is only seen for ion energies less
than 5 MeV-mg/crf in these simulations, the source-body junctiomége perturbed and more
bipolar induced current is created by the confinegell that contains the pMOSFET transistors,
compared to the nMOSFETs contained in a large p-avel p-substrate. Combining the faster
drain-body junction recovery and the decrease polhar injected current compared to the
baseline transistor with no APT, transistors wildinket implants can collect up 30% less charge

for low ion energies.
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Fig. 46. 1D cut linesthrough the drain of a pM OSFET showing the electron concentration during an 80
M eV-mg/cm? strike. A isat 110ps, B isat 150ps, C isat 200ps, D is at 250ps. The electron concentration of
thetransistor with the APT implant is much closer to the pre-strike electron concentration.
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Fig. 47. pFET sourceinjected currentsfrom a 20 MeV-mg/cm? SE. Dueto the faster recovery of the
junction for the transistor with the blanket APT thereisa lower sourceinjected current.

Section 6.5 Altering APT Implant Masking Layer to I ncrease Conductivity to the Well
Contact

The previous results were obtained by creating ARS implants in the area solely
beneath the transistor. This was done to captunethe APT affects the transistor locally. By
altering the masking layer of an APT implant, th®TAimplant can increase the doping
concentration in the substrate in the region bénde well contact, seen in Fig. 48; this can
increase the conductivity to the well contact, tbasreasing the amount of time for the potential
of a well to recover after a single event. Decregshe well recovery time will decrease the SE
bipolar action leading to less collected charge smdller SET pulse widths [14]. Fig. 49 shows
for a pMOSFET strike by 40 MeV-mg/érion in an inverter that an additional decreaspuilse
width is possible for blanket implants. This redoctin SET pulse width is possible with any

type of APT implant if the masking layer allows tABT ion implantation to be deposited in this
region.
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Fig. 48. Adjusting the APT implant masking layer can allow increased doping in the substrate below the
well contact, increasing conductivity in theregion
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Fig. 49. pM OSFET strike voltagetransientsin an inverter from a 40 M ev-mg/cm? ion. By depositing the

APT implant in theregion below the well contact, a noticeable decr ease can be obtained in SET pulse
widths.

Section 6.6 Conclusion
It is shown that APT implants can have a limiteféetfon SE charge collection. Gate
area implants, like pocket halo implants, have ffeceon the SE bipolar charge collection.

Blanket implants can larger impact on drift colesttharge for LET values lower than 20 MeV-
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cnt/mg. The blanket implants reduce the depth of taetsource-body junction depletion
regions thus reducing the amount of prompt driftecbed charge when compared to a MOSFET
with no APT implant. For LET values higher thanN8V-cm?/mg the excess carrier
concentration exceeds the doping concentratioheobtanket implant degrading its ability to
shield charge from being collected by the drairug;blanket implants may be more beneficial
for radiation applications than gate area implants.

As technology scaling progresses, it is importaneduce parasitic capacitances from
source/drain junctions. Simulations show that bémkplants can increase junction
capacitances by a factor of 6, possibly more, cogthto gate are implants. This is due to
blanket implants constricting the depletion regiom smaller area under the source/drain
diffusions than the gate area implants. If speebpower are a higher priority than radiation
hardness, gate area implants will be more favortale blanket implants

By utilizing the APT implant masking layer, itp@ssible to improve conductivity to the
well contact in the highly resistive region undee tvell contact. This can reduce SE bipolar

charge collection and reduce WPM spatial extentcametion.
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Chapter VII

CONCLUSION

Though the SE charge track does not change sizechsologies scale, WPM spatial
extent and duration will change as technology meavolve. WPM is one of the mechanisms
behind the charge sharing process. It is impotaninderstand WPM to fully understand pulse
guenching and multiple-bit upsets. This work haswahthat WPM response can be influenced
by contact spacing and various technology paramet#timately, any increases in resistance to
the restoring current path to well supply rail viiltrease WPM spatial extent and duration.

To reduce WPM spatial extent and duration it ispomiant to maintain a high
conductivity to the well supply rail. Circuit anaylout designers can greatly reduce WPM effects
by using strip contacts as opposed to spaced denfat course the use of strip contacts has a
very large area penalty, but offers the neededctemiuin WPM effects needed for radiation
tolerant designs. Process engineers can deigncagzovith a high well conductivity to decrease
WPM effects. Higher well conductivity can be acladv by increasing well doping
concentrations. Reducing the well depth can redW&M spatial extent, but can increase the
WPM duration of the affected area. The p+ buriegelacan reduce the amount of charge
collected by the n-well from the substrate redudiigM effects. One goal of technology scaling
is to increase transistor density; as transistorsidies increase, the higher concentration of
transistors can limit WPM spatial extent while adldi&ffusion capacitance can delay the spread
of the WPM. Designers have many options to redheeWPM spatial extent and duration at
various levels of CMOS designs.

APT implants are another form of well engineeringused on reducing subthreshold leakage
and parasitic capacitances. Gate area implantmare prevalent in new technology nodes and
have no affect on SE charge collection. Older tetdgies use blanket implants. Blanket
implants can affect SE charge collection by redydhre depth of the depletion region into the
substrate. Also, by utilizing the APT implant layéris possible to increase the conductivity of

the well to the well contact, reducing WPM effects.
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