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SUMMARY OF THESIS

SOI technologies offer solutions to low power, high performance applications.
The key device-architecture issue is the choice between partially depleted and fully
depleted devices. While each structure has pros and cons, the choice needs to be
balanced between process complexity and performance. Thereafter, engineers have
ventured into some non-classical transistor structures will likely take over due to their
delivery of higher performance with lower leakage than traditional scaled SOl CMOS
approaches. The possibility of using a back gate have sparked a large research activity
in the field of novel SOI devices. Among al other multiple gate design, it is well
known that Gate-All-Around (GAA) MOSFET offers the most attractive properties for
digital application. GAA MOSFET is being examined as extension of planar CMOS
technology with potential to increase performance and packing density over the
conventional technique. Besides that, the novel n-gate device is an improvised triple-
gate structure to address the "early turn on" effect that is caused by the presence of the
corner transistors between the promixty of two gates forming together. Both design
take advantage of the concept of volume inversion to achieve: higher current, enhanced
tranconductance, ideal subthreshold swing and attenuated short channel effects. Hence,
the goal of this work is to investigate and develop fabrication technology for
quadruple-gate (hereby called Double-gate-all-around) MOSFET and the novel n-gate
device. It focuses on the process and device characterization of such advanced SOI
devices. Most importantly, the process proposed in this work to fabricate such devices

is compatible with standard bulk CMOS manufacturing.
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CHAPTER 1: INTRODUCTION

11 MOTIVATION

In the 2003 edition of the Internationa Technology Roadmap for Semiconductor
(ITRS), the concept of device scaling has been consgtently endorsed in meeting high
performance and low power consumption requirement in Ultra Large Scae Integrated
(ULS) circuits. The physica gate length has been scaed by approximatdy 30% a
every generation and such trend (see Figure 1.1) has followed the Moore's Law, which

states that the number of transistors doubles about every 18 months.

10
75
5
rx 1
0) 075
fl 05
0.25

1965 1990 1995 2000 2005 2010
Year Technology Qualified

Figure 1.1: Moore's chart: SOl will cause ajump in performance road map.

Aggressive scding of the gate length in high performance gpplications however
makes sub-micron device parameter optimization quite difficult, especialy with the
pace quickening in recent technologies, as denoted in Figure 12. The formation of
ultrashallow junction to suppress the short channd effects (SCE) cannot be attained

without incurring asgnificant increase of parasitic junction capacitance.

The doping of devices involves precise profile design and process control, but

increesing channe doping concentration degrades carrier mobility and hence the
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lowering of drain current. Moreover, the Statistical fluctuation of channd dopants
causes an increesing variation of threshold voltage, thereby posing difficulty in the
circuit design, not to mention further complication during scaling of supply voltage.
Gate insulator, on the other hand, becomes thinner due to the requirement for rapid
switching speed improvement. Excessive gate leskage through the ultrathin oxides is

amgor concern & below ~15 A.

1.00T
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1251m Technology
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Figure 1.2 Transistor Physical Gate Length Trend (Lithography generation > Lle)

Tremendous effort has been put forth in seeking innovative development to
sugtain the growth of the ULS indudtry in the nano-generation. Presently, engineers
are consdering other viable resolutions- one that is compatible with existing wafer
processes, able to provide superior device and circuit performance than bulk slicon,
alows smaler linewidth definition, and the reduction of number of mask leve for a
given design. The Silicon On Insulator (SOI) technology offers such capability and is

therefore the focus of this project.

Sometime within the next ten years, some non-classcd SOl trangstor
structures will likely to emerge due to their ddlivery of higher performance with lower

off state leakage than the traditiond scded SOI CMOS approaches. In fact, research
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|aboratories in industry and academia have explored severd promising SOl device

architectures [1] to improve on the scaability and performances of the trangstors in

upcoming generations. These include the single gate depleted-substrate transistor

(DST) [2], double- gate FNFET and the tri-gate transstor [3]. All three devices utilize

afully depleted substrate and can be used to improve short channd performances [4].

Table 11 summarizes the advantages and manufacturing chalenges of some of these

structures.

Device

Advantages

Scaling
Issues

Design
Chdlenges

Table 1.1: Non classcd CMOS device characteristics.
Non-Classcad CMOS Devices

Ultra Thin Body
(UTB)
Trangstor

Fully-Depleted
SOl (FDSOI)

Improved
subthreshold
dope; V,
controllability

S FIm
thickness, gate
sack; worse
SCE than bulk
CMOS

Device
characterization
; compact
modd and
parameter
extraction

Band-
Engineered
Transstor

SGeor
Strained S
channd; bulk S
or Ol

Higher drive
current;
compatible with
bulk S and SOI

High mobility
film thickness
(SOI); gate
dack;

integratability

Device
characterization

Vertica

Double-Gae
Trandstor HnFET

Trandstor

Double-gate or surround-gate structure

gjiﬁ,gft.dri ve Higher drive current; improved
Iithogréphy— subthreshold ope; improved
independent L short-channd effect (SCE)

S film thickness; gate
stack; intergratability;
process complexity;
accurate TCAD including
guantum mechanica (QM)
effect

Gate dignment; S
film thickness, gate
stack; intergratability;
process complexity

Device characterization;PD versus FD; compact
modd and parameter extraction; gpplicability to
mixed signa applications
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12 OBJECTIVES
The am of this project isto fabricate two types of novel 3 dimensond (3D) SOI

MOSFET devices, namdy the n-gate and Gate-All-Around (GAA) CMOS device. The

following describes the objectives of this project:

1) Literature review on various kinds of SOl device dructure extending from
basic planar design to non classcd 3D SOI device structures. The pros and

cons of each desgn are aso discussed extensively in thiswork.

2) To desgn and develop the novel n-gate SOI device structure using the 0.13 urn

technology node.

3) To redize a paent filed by Chartered Semiconductor Manufacturing Limited,
whereby a GAA SOl device dructure is to be fabricated using the 0.13 (@

technology.

4) To investigate and develop the SOI fabrication technology using the existing
bulk CMQOS process technique. This includes the SOI process characterization

and recipe optimization to cater to non planar SOl MOSFETSs fabrication.

5) To sudy the above mentioned 3D SOl MOSFET on its dectrical performances

and behaviours.
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13 MAJOR CONTRIBUTION OF THE THES'S

The tri-gate structure developed recently by Inte has shown many attractive
electrica properties [3]. Unfortunately, it suffers from early turn-on effect due the
higher current dengity at the edges [5]. It causes a"hump" in the operating voltage and
gives rise to ungtable threshold performance. Hence, a new n-gate structure concept is
introduced in this thesis to address the problem. The design utilizes an additiond step
to round the corners of the tri-gate for improved threshold behaviour. In addition, the
n-gate sdewalls are extended into the buried oxide to shidd the back of the channd
region from the eectric field lines directed from the drain. In this way, an dmost
perfect shieding like an actud back gate can be achieved.

The second haf of the thesis will account for the development of the GAA
device structure. GAA MOSFET has been demondrated to have the potentia to bethe
highest performing MOSFET for digital gpplication [6]. They exhibit mogt atractive
properties among al other MOSFET variations such as having high transconductance,
reduced short-channel effect aswell as alowing a steep and nearly ided subthreshold
dope [1][4]. The Gate-al-around (GAA) controls roughly 4 times as much current asa

sngle gate (see Figure 1.3), hence giving stronger switching signals respectively.

Number of Gates
[ BN

uTB

DST  FAnFET .
VRG I 7t-Gae |

Tri-Gate'  QFET

PR RE e
)

nGae Gate-Ail-Around

(Thiswork)

Figure 1.3: Proposed Device Structure
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14  ORGANIZATION OF REPORT
The introductory chapter 1 gives a generd introduction and discusses the

advantages of emerging SOI technology. The focuses of the thesis are dso Stated.

Chapter 2 provides a clear illustration of the dlicon-on-insulator (SOI)
materia, before moving on to discuss the differences between the thick and thin films
and the partialy or fully depleted SOI films. The advantages and drawbacks of each
gpproach will be examined. This section dso includes discusson on basic transstor

design choices and the different types of novel 3D CMOS structures.

Chapter 3 presents the concept of a Double Gate-All-Around (DGAA) device
with gate wragpping a dl the sdewdls of the slicon channd and a newly proposed
corner rounded n-gate device respectively. Apart from the superior advantages over
bulk CMOS devices, key benefits of the proposed structure will adso be highlighted in

this section. The schematic process flow of each structure will be illustrated.

Chapter 4 describes the preparation and process fabrication with designed gate
length of down to 0.13 um. The process issues and concerns will be discussed in
detailed. Chapter 5 concludes the preliminary studies and lists the results and findings
obtained.

Lagtly, Chapter 6 summarizes the conclusons derived from the sudy and gives

an outlook on possible further development of the research work.
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CHAPTER 2: LITERATURE REVIEW ON SOl TECHNOLOGYAND
DEVELOPMENT

This chapter describes the various approaches for producing Silicon-On-
Insulator (SOI) materids and highlights the distinct differences among the thick and
thin film SOI devices. The basic device structures and non planar SOI devices found in
I CMOS technologies are dso presented extensvely with coverage on the
advantages and drawbacks of each approach.

21 SOl WAFER FABRICATION

The SOl wafer is made up of a thin dlicon film lying above an insulating
materid with the bottom substrate acting as a handling wafer. The am is to fabricate
device on the top glicon film such that the body is eectricaly isolated from the
substrate for better dectrica properties such as the laich up immunity and reduced
short channd effects. This eectrica insulating region is typicaly made of glicon
dioxide (§02> and is known as the buried oxide (BOX). The BOX structure can be
formed by using one of three following techniques. SMOX [7], Bonded SOI [8] or
Smart Cut[9].

Thin Silicon Layer (Active layer)

Buried Oxide (BOX)
Silicon Subgrate (Handling wafer)

Figure 2.1: Silicon On Insulator (SOI) wafer.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

211 SMOX

SMOX dgands for Separation by IMplantaion of Oxygen [7]. As shown in
Figure 2.2, this technique uses a high energy oxygen Q2 implant that ranges from
4x10" to 2x10"® am' and is performed on an epitaxia wafer to force a massive dose
of oxygen deep beneeth the surface. The energy used is typically 100-200 keV. The
buried oxide thickness varies with different doping concentration and the implant
energy will determine the top silicon thickness. Upon completion, a high temperature
anned (>1300 °C) is carried out preferably in an argon ambient to activate the buried
oxide layer and recrystdlize the top slicon film which is heavily damaged during the
earlier ion bombardment. The qudity of the surface silicon can be further improved by
optimizing the temperature ramping conditions [10]. Recently, much attention has
been oriented towards the usage of low-energy and dose implantation as an economica
perspective to produce thin film SOI wafers. Besdes that, low dose SMOX wafers
have sgnificant reduced defect density and better BOX uniformity.

08® S Jfo' S
NN Nat 0> JP”sioo2
f Y Y- . Impat3 * Annedling process
VES$$0. M with Oxygen ?/
i'E'wM$B& o SiAIi(_:oQS_‘._

Figure 2.2. SSIMOX process steps.

212 BONDED SOl WAFERS

Bonded SOI wefer [8] creates the buried oxide without the ion implantation
process. Figure 2.3 illudtrates the processng steps for bonded wafers. At firg, two
separate wafers are oxidized to foom a SI02 layer on the surface. The two oxidized
surfaces are then thermally bonded together to form the buried oxide. Subsequently,

the device wafer is grinded at the backside to a desred slicon thickness. Laglly, the
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Ol wafer isanneded and polished to produce athin layer of silicon above the bonded
buried oxide (BOX). The thermdly grown BOX is more superior than the O,
implanted SSIMOX wafers in terms of the higher breskdown voltage and sharper
S/Si02 interface. However, this approach is codly asit utilizes two wafers for every
bonded SOI wafer made,

Si0,
S wdfer
Oxidize two wafers b) | Hm Bond wafers
I together

t:* Handle"

Grind device wafer g > Anned & Polish
oy 15 s o) Si0,

thin S layer

Figure 2.3; Process seps for SOl wefer created using the bonded wafer.

213 SMART CUT

The Smart Cut gpproach [9] is an improved bonded technique to reduce cost by
reclaming the remaining portion of the device wafer. The process sarts with the
oxidation of the device wafer. Protons (hydrogen nucleus) are then implanted through
the oxide layer. Next, a handling wafer isthermaly bonded to the oxide layer. A post
oxidation therma annedling is then peformed to create a sress fracture dong the
plane where the hydrogen (H,) are implanted previoudy. The origind dlicon wafer
can now be removed from the trilayer stack leaving behind a thin layer of silicon on
top of the buried oxide. The SOl wafer shdl later undergo both anneding and
polishing steps to complete the SMART Cut process. The remaining portion of the

device wafer can be usad again to form the subdirate of another smart cut wafer. Inthis
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way, the silicon is recycled to reduce cost effectively. The SMART Cut process is

clearly depicted in Figure 2.4.

H+ion
Si0, o> 8 cD
I (9 DCs
a) Oxidation b) iylyly Hydrogen
Y Y Y /$ implant

S wafer eviw
C) Bond wafers d) Smart Cut
2) Annea & Polish

Si0,
® thin S layer

Figure 2.4: Process steps for smart cut.

22 THICK AND THIN FILM SOl MOSFET

The physics of the SOI transistor depends greatly on the fundamental parameter
of the SOl MOSFET and that is, the film thickness of the top silicon layer. Basicaly,
one can distinguish between thick-film and thin film devices. Based on the definition,
it is the maximum width of the depletion zone extending from the silicon/oxide
interface. This distinction is schematically illustrated in Figure 2.5. The criterion is

classically given by
f de..<bf
W*p,=
Eq. (1)

10
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The Fermi potentid,
¢ =

kl’| nNi
q 1 Eq. (2

Here, gj is the dlicon permittivity, NA the slicon doping concentration (acceptor

concentration in case of an NMOStransstor) and e the intringic carrier concentration.

DePIetion Source
region

Neutra
region
(@) PDSOI (Tsoj > 2 Weep) (b) FDSOI (T < W)

Figure 2.5: Different operating conditions in: () partidly depleted and (b) fully
depleted SOl MOSFETS.

221 THICK FILM SOl MOSFET

The depletion region is represented by the sheded areas shown in Figure 2.5.
The thickness of the silicon film, Tsa istwice that of the depletion width, Wdqa, of the
thick-film devices. Asthe subdtrate isthick enough, a neutrd region (see Figure 2.5a)
will exist between the depletion zone arising from the front and back interfaces and
because of this partial depletion of the SOI layer, the device is known as patialy
depleted SOI transstor (PDSOI). The transstor basicaly behaves like a bulk device
with the neutral zone (also caled body) grounded by means of a body contact. If the
potential of the body is left floating, it will give rise to two parastic effects [11],

namely the kink-effect and the bipolar single transstor latch up.

Kink effect can be observed in the output characteristics of the SOl MOSFET,
and an example of which is given in Figure 2.6. The primary cause begins with a

sgnificant amount of secondary electrons and holes being generated from the energetic

n
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electron near the drain region, due to the impact ionization mechanism. Generated
electrons move rapidly into the channel, while holes migrate to the lowest potentia
region of the device, which is the floating body. The accumulation of holes in the
floating body will then take place and gradudly reach to a positive threshold potentia
where it forward biases the source-body diode. When the latter event occur, it will
decrease the threshold voltage, Vm of the SOl MOSFET. As aresult, the lowered Vih
induces an increase of the drain current as a function of drain voltage and is hence
cdled the "kink effect”. SOI device exhibits lesser kink effect owing to the reduced

mobility of holes.

Id vi Vd curves for R clnnelPDSOI

L=5urn W=80 urn
Tox=4nNnm

16 1.J JO kel

Figure 2.6: Kink effect observed in NMOS SOI MOSFET in output characteristics.

In the NMOS PDSOI trangistor, the n+ type source , drain and the p type body
may inevitably form the emitter, collector and base of an npn bipolar transistor if the
body is dlowed to remain floating. When the parasitic bipolar gain becomes > 1 due
to the postive feedback loop caused by the amplified base current (generated holes

current), it results in a sudden increase in drain current. An infinite subthreshold dope

12
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can be observed with hysteresis behavior for the forward and reverse gete voltage scan.
Once the positive feedback loop istriggered, the device current cannot be cut off. This
phenomenon is known as sngle trangstor latch up [12]. Loss of gate control is a

severe consequence of the bipolar phenomenon.

Figure 2.7 fegtures the drive performance of a45 nm PDSOI transstor [13]. At
an operating voltage of 12 V, the drive currents of 940 uA/um and 460 uA/um were
achieved a 20 nA/um for the NMOS and PMOS respectively. Foating body effects
(FBE) were minimized by specid diode junction engineering [14] to achieve

maximum performance and minimum hysteresis.

Gate VoltagefV)

@ (b)
Figure 2.7: (a) TEM of 45 nm L4transistor, (b) IqvsVqat 12 V.

222 THINFILM SOI MOSFET

The thinfilm SOl MOSFET device type is categorized by the fact that the
glicon film thickness is smdler than the maximum depletion width, Wdga, of Eq. (1).
In that case, the dlicon layer is fully depleted a threshold. This type of device is
known as fully depleted SOI transstor (FDSOI). In thin-film, FDSOI devices, deep

implants like well and punch-through are unnecessary and the entire impurity profile in
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the channd is determined by a sngle shdlow implant. Unlike PDSOI, standard FDSOI
transstors diminate floating body effects (FBE) that has placed a sgnificant burden
on circuit design. Furthermore, they exhibit enhanced device performances among the
rest (which will be illustrated in next section), by offering low eectric fields, reduced

junction capacitance and improved subthreshold dope.

Seen in Figure 2.8 is an example of a NMOS FDSOI transistor and it is a 50
nm Depleted Substrate Transstor (DST) designed by Intd [2]. It is &ble to achieve a
drain induced barrier lowering (DIBL) of 45 m\7V, a subthreshold dope of 75
mV/dec, an |y, of 1180 uA/um and a Igf of 60 nA/um a a supply, V¢, of 13 V.
Sgnificant improvement in the 10V characterigtics is dso noted. Thisisdueto a60 %
reduction in DIBL and the greater than 25 % improvement in subthreshold dope over
the bulk Si. In addition, the use of raised source/drain has help to reduce the parasitic

resistances and to further improve upon the I, by -20 %.

i uasto A Dep{otcd-Substrato Trans@stor (with Raised S/D)
* Depicted-Substrate Transistor (no Raised SID);
* Bulk SI
50nm
Thin Si Body Epi Raised
3-D
BOX

Figure 2.8: (&) X-SEM of 50 nm DST, (b) I, VSlor.
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223 COMPARSON ON THE ELECTRICAL PROPERTIES OF PDSOI AND

FDSOIMOSFET

The merits of the various types of SOl MOSFETs mentioned in sub-section
2.2.2 are lisged in Figure 2.1, where some electrica properties of the devices are dso
compared [15]. Note that the bulk slicon devices have been taken as areference. The
Ol MOSFETs present severd properties that dlow them to operate in harsh
environments whereby in the case of bulk devices would fall to operate satisfactorily.
Generdly, the man popularity of PDSOI over FDSOI devices is due to the
independence of their threshold voltage on silicon film thickness as wdl asthe charges
in the buried oxide. Nevertheless, one can see that the thin-film Depleted-Substrate

Trangstor (DST) devices offer the most attractive properties for ULS applications.

Table 2.1: Comparison of some electrica properties of thick- and thin- film SOI
MOSFETs with the bulk devices taken as a reference

Properties Bulk PDSOI DST
S on Oxide Layer NA -100nm  <50nm
Raised source drain No No Yes
Junction capacitance Low Lower Lowest
Off dtate leskage Low Lower Lowest
Soft error rate Low Lower Lowest
Floating Body Effect No Yes No
Gate dday |.Ox 0.9x 0.7x
Operdting voltage |.Ox |.Ox 0.8x
Vth sengitivity ontgj Lowest Low High
Subthreshold Sope (mV/Dex) -95 - <75
Drain Induced Barrier Lowering (MV/V) -100 - -40
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24 BASC SOl MOSFET DEVICES

There are different types of existing desgns of SOl transstor designs. The
densest and most common layout is presented in Figure 2.9a It is made up of a
rectangular active area, a gate, and contact holes on top of the source/drain region,
which isin fact very smilar to the bulk structure. Considering the case of an n-channe
device (which will be illustrated throughout this section), the device area is fird
defined by an active mask pattern through lithography. The n-channed Vim adjug, the
back-channd stop dosage, as well as for the N+ source and drain implant steps are dl
implanted subsequently after the gate definition. This is the smplest form of SOI
device structure with no body contact made to the substrate. Floating body effect can
become a problem if the device is partialy depleted. On the other hand, if it operates
in fully depleted mode, the thin source and drain film can reach very high sheet
resstance and this can jeopardize the goeed performance (sheet resstance is inversdy
proportiona to film thickness). This can be remedied by increasing the thickness of the
source/drain using eevated source/drain technique [16]. This gpproach uses sdective
dlicon epitaxy to form an devated source/drain structure so that it reduces the sheet

resstance and also dlows ardatively thick slicidation process.

@ (b)
Figure 2.9: Common SOl MOSFETs layout: (&) normd device, (b) edgeless device.

Figure 2.9b shows a "edgeless’ device design that can be used to replace the

conventiona circuit that suffers from edge leakage problems (such as in devices which
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create ggnificant amount of oxide charges in the oxide at the edges of the slicon
region when subjected to ionizing radiation). In such a device, the slicon idand
provides no edge underneeth the gate between the source and the drain. However, it is
worth noting that edgeless devices take up much more slicon active aress than the
conventional devices, and are not implemented if the prime concern is in achieving

high integration dengity.

Figure 2.10 provides severd schemes used in some gpplications where it
requires devices having body contacts to effectively suppress floating body effect. The
conventional contact solution is presented in Figure 10a It conssts of a P+ diffuson
between the source/drain regions and dongside with the poly-gate width, which isin
contact with the P-type silicon undernesth the gate. In addition, such a device can dso
be used as laterd bipolar transistor; the P+ diffuson being the base contact with the

source and the drain acting asthe emitter and collector respectively.

@ (0)
Figure 2.10: Transstor with body contact, (a): T-gate device, (b) H-gate device.

In gpplication where larger gate width transstor are required, a single body
contact a one end of the channd region may not be able to completely suppress the
FBE. In fact, the FBE phenomenon can sometime occur directly undernegth the gate
but "far* away from the body contact due to the high resstance of the weekly doped
channe region. The H-gate MOSFET design in Figure 10b helps to resolve this

problem by inserting body contacts at both ends of the channel. Furthermore, there is

17
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no direct edge leakage path between the source and drain (the edges run only from N+

to P+ diffusons).

Figure 2.11: NMOS SOl trangstor with bodly tie together at the source.

Lastly, a more compact design than the previous ones is given in Figure 2.11.
The concept isto create the P+ body on the both Sde of the N+ source diffuson o that
the contact can ground the source/body together. This device has amgor disadvantage
of being asymmetrica (source and drain cannot be swapped), and the effective channel
width, WJf, is smaler than the width of the active area. It is worth mentioning that

body contacts are only used in “thick film" partialy depleted devices where the neutrd
region is exposed to floating body effects,

25 DUAL GATE MOSFET

The continuous aggressive scaing of gate length will definitely impose greater
difficulties in future gpplications where planar devices are required to meet high drive
performances without compromising the device integrity, such as low leskage current,
short channd effects (SCE) and rdiability. For instance, the planar gate Depleted-
Subdtrate Trangstor (DST) illustrated in Figure 2.8 above is adle to meet the drain
current requirement while controlling the short channe effects (SCE) effectively.
However, as the gate length of the transstor scaled down to sub 45 nm and beyond,
such devices will face difficult chalenges in the control of fluctuation in channd

dopants thereby creating increasing variation of the threshold voltage in the ultrathin
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silicon film, gate oxide scaling, ultra shallow junction formation and reliability

problems due to large electric field.

65nm 50nm 40nm 30nm 20nm | Onm
BOX 9 | D[
BU”( S B | Subdrate
DST
Dua gate

Figure 2.12: Transistor scaling with gate length dimension.

Alternative structures have been proposed over the years and one of which
contains the dual-gate architecture of Figure 2.12. It offers better scalability than any
other planar gate devices. In dua configuration, the channel is well controlled from
both sides of the gate electrodes, leading to minimum leakage current across the
channel and also the ability allow to suppress short channel effects with further device
scaling. It does not require heavy channel doping to control the SCE. In fact, channel
can be undoped in some applications and for such devices, the undoped channel
reflects higher carrier mobility due to no impurity scattering. Three possible
orientations of the double gate MOSFET on a silicon wafer will be discussed in the

subsections to follow.

251 TYPE |- PLANAR CHANNEL
Current in X-Y plane carried in X direction. Type | (planar channel) has a
standard circuit layout with an advantage of having the best controlled silicon channel

thickness, T<o, defined by thin film processing rather than lithography. Maor
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drawbacks include high process complexity to insert a bottom gate beneath the channel
and difficulty to achieve sdf-dignment of both gates. The top and bottom gates must
be perfectly digned to prevent any possible extra gates to form the source/dran
overlap capacitances as wdl as the loss of current drive due to misdignment. Figure
13adepicts such device: the front and back gates are symmetricd (the same gate oxide
thickness is used) and tied together dectricdly. The cross-sectiond scanning eectron
microscopy (X-SEM) of aplanar gate is shown in Figure 13b. This gpproach has been

examined by both IBM [17] and MIT [18].
Top Gate

@ (b)
Figure 2.13: TYPE I: (8) Schemdtic diagram, (b) X -SEM of Planar gate.

252 TYPEII-VERTICAL CHANNEL

Current in Z-X plane carried in Z direction. Type Il dso permitsthe gate length
to be determined by wel controlled thin film processing rather than lithography. In
other words, it uses non-lithography gate definition which produces more consstent
gate lengths. However, it suffers from high process complexity which is not
compatible with conventiond CMOS process and aso requires specia technique to
define the source contact undernesth. An example of research in this area is the

smallest 15nm Verticd Replacement Gate (VRG) MOSFET reported by Hitachi [19].

20
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@ ()

Figure 2.14: TYPE II: (@) Schematic diagram and (b) X-SEM of Vertica Replacement-
Gate (VRG).

253 TYPEIII-FIN CHANNEL

Current in Z-Y plane carried in Y direction. Thetype Il (Fin channel) structure
requires the gate length to be determined by lithography and fixes the gate width.
Circuits requiring varying gate widths must essentialy use many devices in pardld
rather than wider transistors. An example of researches in this area is by AMD ad

Berkeley, where both featured the 10-nm FinFETS.

@ (0)
Figure 2.15: TYPE IlI: (8) Schematic diagram and (b) X-SEM of 10-nm FinFET.

21
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An mgor drawback of the fully depleted type Il and Il devices is that the
channd thickness is usudly defined by lithography and must be thinner than the gate
length (filmthickness<2/3 L ).

TS! :20 nm Ts, :10 nm
) Leakage Current
lott =19NA4im A =21 1A m Density [A/lcm?]
@Vy=07V
Si Thickness [nm]
0.0
°p
\

Figure 2.16: Smulation of leskage current in double-gate transistor with Ly = 25 nm
md-rox,a]: 12A

In Figure 2.16, body thickness, T4, of 20 and 10 nm have been compared with
the same oxide thickness, Ty, & Lg= 25 nm. The results show that the leskage path
that is far from the gate are substantialy reduced in the 10-nm double gate MOSFET.
The off-gate leskage current is therefore decrease and the short channel effect can be
minimized by using a thin slicon body in the order of 0.7 * L, [20]. Based on the
gringent requirement, Type Il and Il devices therefore require more aggressve

lithography than type | devices.

22
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26 OTHER MULTIPLE-GATE SOl MOSFET
Although CMOS remains the most obvious fidd of gpplication for SOI, the
possibility of usng aback gate has sparked a large research activity in the fidd of
novel SOl devices. In Figure 2.17, other existing gate configurations for thin-film
Ol MOSFETs is presented. It is a particularly promising candidate for ultimate
CMOS scding due to its superior control of SCE, near-ideal subthreshold dope
and mobility enhancement.

Gate
dran

Source

NnnNnNo -

Substrate

Figure 2.17: Different gate configurations. (@) triple gate, (b) P (7t)-gate, (C)
Omega O-gate and (d) quadruple gate.

261 TYPEI-TRI GATE

The tri-gate device (type 1) conssts of atop and two side gates that encast
the dlicon channel on top of an insulating BOX layer. The device fabrication
process resembles very much that of the bulk transstor since it does not require
aggressive lithography patterning to define the channd. It can attain full depletion
a glicon body dimensions, a gpproximately 1.5-2 times greater than ether the
sngle gate SOI or the non-planar double-gate SOI for smilar gate lengths. This

adso implies that the tri-gate devices are easy to fabricate by smply using the

23
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conventional fabrication tools. In other words, tri-gate body dimensions are more

flexible and relaxed as compared to the single-gate or double-gate devices.

Figure 2.18:Tri-gate: (a) Schematic, (b) Tilted SEM and (c) TEM of slicon body.

It has been reported that the Tri-gate NMOS transstor (see Figure 2.18) is
able to exhibit excdlent short channel effect with adrain induced barrier lowering
(DIBL) of 41 mV/V and anear ided subthreshold dope (S/S) a 68 mV/decade. It
has a drive current characterigic of 114 mA/um a Iff = 70 nA/lum and this is
higher than any non-planar devices reported so far [5]. The Tri-gate PMOS device
on the other hand has a subthreshold dope of 69.5 mV/decade, DIBL of 48 mV/V,
lon ™ 520 mA/um and Idf = 24 nA/um a a operating voltage of 1.3 V. Figure 2.19
further illustrates that the Tri-gate device is fully depleted and is absence of any
kink effect. It is found that the corner of the body plays a dominant role in the

subthreshold behavior.
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Figure 2.19: (a) |4V plot of 60 nm NMOS and PMOS, (b) I+Vy characteristics
with gate voltage ramped to 13V in stepsof 0.1 V.

The presence of comer device due to the proximity of two adjacent gates
has greeily afected the shape of the subthreshold |-V characteristics and the
degree of DIBL control, as well as the early device turn-on. Figure 2.20 indicates
that the comer device provides most of the total transistor current until V4 = 0.4-
0.5 V. At this subthreshold regime, the comer regions have the highest eectron
density. Based on smulation results, sharper comer will produce a greater early

rum on effect of the comer device aswedl as suffering from smaler DIBL.

100% 4\, .. A Corner
N ) : Non-corner
. 807/, vd=ioy \ . . . .
O N -
w 60% -eVd=0.05V
2
.5 *0% N N N N H N N
20%
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@ (0)

Figure 2.20: () Percentage contribution of comer and non comer device to tota
current, (b) Smulation of eectron densty in the body a mid point between source
and drain, for Vi=1 Vand V=04 V.
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Thus, the best design involves keeping the body width smal to prevent a
hump in the Id-V, to dlow lowering of 14, The rounding of comers will aso help

to prevent early switching on of comer devices.

262 TYPEII-PI GATE

The Pi-gate (Type 2) sructure is an "improved" triple gate MOSFET with
the gate electrode extends further some depth into the buried oxide & both sides of
the device channe [21]. The gate dructure seen in Figure 2.21c resembles the

shape of the uppercase Greek n (P) letter.

Gate r
,SOI ,SOI material H
island island
Buried oxide ) ) .
Biuicd ox(de- Buried oxide
Silicon substrate Silicon substrate Silicon substrate
@ (b) (c)

Figure 2.21: P gate fabrication step: (8) active patterning, (b) shalow buried oxide
RIE and (c) gate oxide growth, gate materid deposition and patterning.

The purpose of gate extension in the buried oxide is to shidd the backside
of the channd region from eectric fidd lines coming from the drain end and
function amogt as perfectly asan actud back gate. Based on the smulation results,
the tranconductance and current drive are 3.56 times greeter that of the single-gate
device. Thisindicates that the lower part of the gate Sdewalls can effectivdy act as
a back gate through laterd field effect in the buried oxide. Unlike the gate-all-
around structure, the Fi-gate SOl MOSFET can be readily manufactured, since it
requires merdly an addition of a masking and a RIE buried oxide etch dep to a

conventional SOI CMOS fabrication process. Figure 2.22a proves that the DIBL is
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most effectively suppressed by the quadruple- gate structure but the Pi- gate
structure is also another comparable candidate. Smilarly, the threshold voltage roll
off iswel minimized by the use of Pi-gate which comes second close to that of the
quadruple gate. The subthreshold swing of Figure 2.22b, with different gate
structures and gate lengths indicates that the Pi- gate device exhibits degradation in
close proximity to that of the quadruple gate Structure. In view of the high process
complexity in the quadruple gate fabrication, one would consdered the Pi-gate

structure to be a promising candidate because of its ease of fabrication and that

offers its electrical characteristics smilar to the much complex quadruple gate.

Gal* length |om| Gate length  |nm |

@ (0)

Figure 2.22: (a) DIBL and threshold channd roll-off in fully depleted SOI
MOSFETs with different gate dructures and different gate lengths, (b)
Subthreshold swing in fully depleted SOl MOSFETSs with different gate structures
and different gate lengths.

263 TYPEIII-OMEGA GATE

The Omega (ft) FET (Type 3) has the closest resemblance to the Fi-gate
with specid gate extenson under the slicon body (see Figure 23). It adopts a
fabrication processthat isvery smilar to that of the FinFET [22] with an additiona
wet oxide etch to remove a certain amount of buried oxide under the silicon body
to form the gate extension [23]. This gate extenson shields the eectric field lines

induced by the drain voltage, to effectively suppress DIBL as well as to provide
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enhanced gate-to-channel controllability than other non planar SOI devices. The
Q-FET aso hasatop gatethat is smilar to the conventionad DST and two sdewall
gates. Unlike FInFET, the additiona gate extenson and top gate of the Q-FET

offer less stringent dimension in the body thickness, Td.

@ (b) ©

Figure 2.23: Omega FET: (a) schematic illustration, (b) cross-sectiona View, (C)
X-SEM image.

It has been reported that the 25 run Omega FET trandstors presented in
Figure 24 can achieve a drive currents of 1440 uA/um and 780 uA/um with off
date leskage currents of 8 nA/lum and 04 nA/um for N-FET and P-FET
respectively, a 1 V operation. The gate delay (CV/I) of 0.39 ps for NFET and 0.88
ps for P-FET arethe lowest among al non planar devices reported so far for the 25

run gate length.

(MileVoltage >'¢(V) Drain Volbtj>e J'/V)

@ (0)
Figure 2.24: (8) 14V, (b) |4V characteristics of 25nm L CMOS Q-FET.

28



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

264 TYPE V- QUADRUPLE GATE

It iswdl known that the gate-al-around (GAA) MOSFET (Type 4) offers
best peformances and dectrical behavior when compared to the rest of the
multiple gate Structures. However, it suffers from mgor drawback such as high
process complexity and implementation difficulties. The extra process sep
involves in etching a cavity underneeth the slicon usng buffered hydrofluoric
(HF) acid. Upon completion, it can precede using conventiona process steps, as

per any planar SOI device.

(b) (©)

Figure 2.25: (a) A completed GAA device, (b) Transconductance as a function of
gate voltage at Vds= 100 mV, () laVd characteristics comparison.

The 3 um gate length CMOS trangstor illustrated in Figure 2.25 has
demongtrated a subthreshold dope of 63 mV/decade and 3 times higher maximum
transconductance a V4§ = 100 mV. At sub-micron regime, the smulation results
show a transconductance and a drive current of a GAA transstor to be

gpproximately 4 times that of the single gate device. Furthermore, it exhibits
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excdlent short channd effect immunity with near ideal subthreshold dope of 60
mV/V and alowest DIBL for agiven sub micron gate length. Until now, this area
of gpproach is not examined extensvely in sub micron regime due to the high

resources incurred.
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CHAPTER 3: MUL TIPLE GATE SOI MOSFET

In this project, a multiple gate design that gathers more than one planar gate to
contral the glicon channe is proposed. In this multiple configuration, it can improve
the scadability of CMOS MOSFET as well as ddivering its superior eectrica
properties. The main advantages of the proposed sructure includes greater drive
current enhancement, improved switching speed and reduced short channd effects. Al
of which will be explained in details a a later section. Two types of novel gate have
been fabricated in this work. They are namdy the Gate-dl-around (GAA) and the "n"

gate structures.

() ©

Figure 3.1: (a) Gate-dl-around (GAA) MOSFET dructure, (b) cross sectiond view
perpendicular and (C) cross sectiond view pardld to the source to drain current flow.
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With a bottom gate eectrode inserted undernegsth the channd, it completes the
optimum concept [1] where the entire channd is totaly enclosed by the gate (see
Figure 3.1). The development concept adopts a process sequence which is smilar to
that used for regular bulk CMOS fabrication, with only one additiona replacement
mask step and awet etch step in buffered hydrofloride solution (BHF).

311 BENEFITS OF GAA MOSFET
The GAA provides enhanced geate controllability over other multiple gate
designs. The advantages of the GAA MOSFET over other multiple gate designs are

listed as follows:

1 The GAA transstor offers multiple surface inversons where the inverson
charge spreads throughout the entire surface of the ultrathin silicon body. The
device characteristics can be enhanced tremendoudy (see Figure 3.2). Thetwo
fold increased in the transconductance of a GAA device as compared to that of

a conventiona device[2].

0O 12 3 4 5 6
Gate Vdtage (V)
Figure 3.2: Transconductance of GAA device.

The tranconductance and current drive of the quadruple (GAA) gate Structure is

approximately four times greater than that of the single gate device a the
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threshold, where the inversion layer is distributed across the entire silicon film
and where the effect of bulk mobility (in contrast to surface mobility) can be
fdt. At higher voltages, there is dtill inverson in the center of the slicon film,
but the carriers are mainly locadised in the inverson layers near the interfaces.
As a result, more scattering occurs and the tranconductance tends towards to

two times that of aconventiond device.

2. Beddes the bendficid effects derived from the multiple surface inversons,
GAA presents other interesting features in the fidds of high temperature
gpplications. Being thin-film SOI device with minima junction area, the GAA
is equipped with the classca SOl low leskage current characteristics of the
SOI. Because of complete depletion, the variation of threshold voltage with
temperature is minimized, where the dua gate control of the channd region
dlows the GAA MOSFET to remain fully depleted a higher temperatures,
amilar to that seen in afully depleted SOl MOSFET that has the same silicon
film thickness. In regular SOI devices, they are thermdly isolated from the
substrate by a rdatively thick buried oxide layer, which presents low therma
conductivity. In the case of a GAA device, the channd region is thermdly
isolated from the subdrate by a polyslicon layer and two thin gate oxide
layers. Hence, a much better thermd conductivity path to the subdrate is
dlowed and the GAA is less prone to the sdf-hesting effect than regular SOI

devices.

3. GAA devices dso offer excdlent totd-dose and SEU (single-event upset)

radiation hardness [4]. Indeed, the active area of the device is completely
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surrounded by thin therma gate oxide and by the polyslicon gate. Therefore,
the device has no edges. In that sense, no fidd or buried oxide layers are in

contact with the channd region and to ensure no dose-induced edge leakage.

4. The GAA is reputed to has the most suitable device Structure for suppressing
short channd effect (SCE) such as Drain Induced Barrier Lowering (DIBL) and
subthreshold dope degradation [3][4]. As the drain voltage increases for
regular SOI devices, DIBL results in an exponentially decreasing barrier near
the drain/source and increase the subthreshold current. In contrast, GAA
designed with a bottom gate extended into the buried oxide undernegth the
active dlicon film, will effectively shied the back of the channel region from
the dectric fidd lines directed from the drain. Thus, it is cgpable of suppressng

the DIBL effect and reducing the subthreshold current.

5. The most important benefit of GAA transstor is in the fabrication process in

that it is compatible with sandard industrid bulk CMOS manufacturing.

312 GAA PROCESSFLOW

This section presents a detail description of the redization of the proposed
GAA gructure. To better explain the GAA process, al implantation steps are skipped
and emphasis is placed on the devdopment of the physical GAA device structure. The
main features of the fabrication process are the development of the replacement gate
mask (sarting from step 8) and the formation of the bottom gete electrode (at step 15 )

using an isotropic etch technique. The process steps can be described as follows:
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(1) SOl subdrate: The gtarting wafer is athin
film 300 mm SOl P-type subdtrate of <100>-
crysdlographic orientation. The SOI film
thickness is < 1000 A with a buried oxide
(BOX) thickness of 2500 A. The subdrée is
usad as ahandling wafer.

(3) Active lithography: The photoresst is
developed, exposed and patterned to create the
active hardmask. Postive resst (+PR) is used
in the entire process.

Slicon etch

(5) Active ddfinition. The SOl film is
directiondly etched to define the active region.
The BOX undernegth the SOI film acts as an
etch stop layer (ESL).

(2) Oxide and nitride depostion: Thermd
oxidation step to produce 100 A of sacrificid
oxide is performed. Afterwhich, alayer of 1600
A nitride is deposited on top.

SisN, active hardmask

(4) Hardmask patterning: The nitride and oxide
ae patened and etched sdectivity to the
bottom thin film SOl to fom the active
hardmask. PR is dripped and wafer is cleaned
to remove any remaining polymer.

Silicon corner oxidation

(6) Comer rounding: A 250 A oxide is then
grown around the active slicon. The oxidation
will round the comers as wdl as protect the
slicon from subsequent processing steps.

Figure 3.3a Process flow of proposed GAA dructure.
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(7) Nitrideremoval : Dip in hot phosphoric acid
to remove dl nitride hardmask. It is worth
mentioning that the surrounding sacrificid
oxide prevents the acid solution from damaging
the slicon surface.

(99 RGM hadmask définition: The gae
hardmask is patterned, etched and stopped
sdectively a the sacrificid oxide layer. +PRis
then stripped and the wefer is cleaned.

(11) RGM oxide polishing: An oxide Chemica
Mechanicd Polishing (CMP) is carried out to
planarize the surface. An end point technique is
usd to stop the CMP process upon detecting
the nitride strip.

Figure 3.3b: Processflow of pi

(8) Sack layer depodtion: A dack layer of
1600 A nitride/ 150 A oxide/ 1600 A nitride is
then deposited. The concept of Replacement
Gae Mask (RGM) is implemented here to
create a hardmask for cavity etch in later seps.

HDP Oxide

(10) RGM oxide depostion: Using high-
dengity plasma (HDP) to deposit gpproximeate
3000 A of oxide. Oxide thickness isrequiredto
be to cover the 1600 A nitride line
significantly.

(12) RGM nitride removd: The substrate is
dipped into hot phosphoric acid to removethe
nitride strip. It has ahigh sdectivity to oxide.

GAA dructure (continue).



Si3N4 etch

(13) RGM nitride etch: The thin bottom layer
of oxide is etched away. Theredfter, an
anisotropic nitride etch is performed to open up
the gate region. This is to serve as a hardmask
for cavity etch in the subsequent step.

SsNs g hannd

Cavity etch

(15) Cavity etch: Diluted HF etch is performed
to undercut die oxide undernesth die silicon
channd. Meanwhile, die sacrificial oxide mat
covers die silicon channd will be removed as
well.

Gate-all-around
Source
Nitride spacer Cobalt Silicide

(17) Nitride spacer & Silicide formation: The
hardmask nitride is removed with hot
phosphoric acid. Spacer formation and cobalt
dlicidation are next done to form the transigor.
The front end of line (FEOL) is hence
completed.

SI3NG Channd oxidation

(14) Channd oxidation: The exposed silicon
channd will undergo therma oxidation to
produce 200 A of SiO, to help smoothen the
channd edges and also to minimize die surface
damage during cavity etch in the subsequent
steps.

Cavity

(16) Gate Formation: For gate formation, a
conformal 20 A Si0, gate oxide is grown
before depositing the poly-silicon. A CMP is
men carried out. Since poly-silicon has good
gapfill properties and die growth is quite
conformal, die poly-gate will wrap around the
silicon channdl.

Figure 3.3c: Processflow of proposed GAA structure (continue).
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3.2 'n" GATE SOl MOSFET

The proposed structure is an "improved" design of the triple gate MOSFET
with two mgjor structural differences. Unlike the tri-gate structure, the sidewall gate
electrodes are deliberately extended further into some depth of the buried oxide, at
both sides of the device channel. In addition, the top surface of the silicon channel is
made rounder. This shape resembles the letter "n" (hereby called "n" gate structure). It
can readily be manufactured, since it merely requires the addition of a masking and
RIE buried oxide etch step to a standard SOl CMOS fabrication process. The "n" gate
structure is of the closest resemblance to the Pi-gate structure which has been reported
[21], offering attractive electrical properties with better scalability and is therefore a

promising candidate for future nanometer MOSFETS.

@

n" gate poly

(b) (©

Figure 4.4: (a) "n"-gate MOSFET structure, (b) cross sectional view perpendicular and
(c) cross sectional view parallel to the source to drain current flow.
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321 BENEFITSOF"n" GATE SOl MOSFET

The advantages of "n" gate over the conventiond tri-gate can be summarized

by the following key points:

1 With gate extenson into the buried oxide, it dmost perfectly acts as an actud

322

back gate to shidd off the dectric field lines directed from the drain. In this
way, it can effectivdly suppress DIBL as well asto provide enhanced gate-to-

channd controllability over other non planar SOI devices

The"n" gate design eliminates the "hump" appearance in the threshold voltage
characteristics (see Figure 2.20). Thisunwanted signature is caused by the early
turn effect in the proximity of two adjacent electrodes, dueto the higher current
density trapping occurrence. Hence, the rounded surface "n" gate structure can

remove the unusua behavior in the threshold voltage.

With rounded channdl edges, the induced drain eectric field can be uniformly
digtributed across the entire channd during operation. In this way, it can

effectively improve the reliability of the device lifetime.

"n" GATE PROCESSFLOW

The fabrication process of proposed dructure is gmilar to the GAA

development. The only difference is that it does not require any wet etching to do a

cavity etch beneeth the slicon channd but an additional RIE step is carried out to etch

the buried oxide isotropicdly. This isto have the gate extended to some depth in the

buried oxide on both sides of the device. Figure 35 illugtrates the formation of "n"

gate physical structure.
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(@ SOl subgrate: The gtarting wafer is athin
film 300 mm SOI P-type subdrate of <100>-
crysdlographic orientation. The SO film
thickness is < 1000 A with a buried oxide
(BOX) thickness of 2500 A. The subdrate is
usd as ahandling wefer.

Silicon etch

() Active definition: The SOl film is
directionaly etched to define the active region.
The BOX undernegth the SOI film acts as an
etch stop layer (ESL).

Silicon corner oxidation

(€) Corner rounding: A 250 A oxide is then
grown around the active silicon. The oxidetion
will round the corners as well as protect the
silicon from subsequent processing steps.

Figure 3.5: Process flow 0

Si3N, active hardmask

(b) Active hardmask patterning: The nitride and
oxide are patterned and etched sdlectivity to the
bottom thin film SOI to fom the active
hardmask. PR is stripped and wafer is cleaned
to remove any remaining polymer.

RIE oxide etch

(d) Gate extenson etch: An RIE oxide etch is
caried out to remove the undernegth buried out
to some depth.

Cobdlt Silicide

(f) Gate & Slicide formaion: The hardmask
nitride is removed with hot phosphoric acid.
Gate formation and cobdt glicidation are next
done to form the transistor. The front end of
line (FEOL) is hence completed.

oposed "n" gate structure.
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34 PROCESS PARAMETER CONSDERATIONS

Despite the fact that the fabrication process proposed in section 33 is
compatible to bulk CMOS processing, each sep parameter has to be carefully
consdered to anticipate any possible process difficulties or issues that may affect the

actuad GAA profile. The considerations and changes are highlighted as follows:

1. Asthe SOI slicon thicknessis limited to < 1000 A, some important conditions,
such as the dose and energy must be modified to control the 2-D effects (short-
channel, and the drain induced barrier lowering (DIBL) that affect the threshold
voltage. In thin film SOI devices, degp implants such as punchthrough and
pocket implants are not incorporated into the process flow as the entire

impurity profile in the channd areais determined by a sngle shdlow implant.

2. The rapid therma anned (RTA) process must be dightly modified (typicaly
30°C lessthan in bulk processes) so that the buried oxide that acts as athermal
barrier will not be subjected to excessve heat treatment. This is because the

oxide therma conductivity isabout 100 times lower than that of silicon.

3. It is criticd to determine the precise etch parameter of the diluted HF for
forming the cavity undernegth the active slicon. One cannot under-etch the
profile as it will result in insufficient coverage of the bottom gate to the active
glicon film. On the other hand, the profile cannot be over-etched because the
excessve etch area in the buried oxide tends to cause extra parastic gate-

drain/source capacitance as well asloss of current drive upon forming the gate
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electrode [17]. Hence, the design condderation is to ensure that the top and

bottom gates are digned accurately based on the etch parameters.

4. Ancther important issue to overcome is the reduction of the parastic
source/drain series resistance. Various methods have been in use such as the
rased source/drain or precise dlicidation. To achieve reasonably low series
resstance, it is reported that when the contact resistivity between dlicide and
dlicon is greater than 1x10" Q-cm", the glicide thickness should be less than
80% of the whole silicon thickness [4]. From this requirement, a highly stable
and controlled formation of ultrarthin glicide under a limited slicon film
thickness must be established. However, asthe device dimension is scaled, it is

impossible to form thin silicide layer with low sheet resistance.

The above consderations discussed have dl been incorporated into the proposed
process flow. In this project, n-gate and GAA MOSFET sructure will be implemented

to study the dectrical properties and hence eva uating the performance these structures

proposed in this project.
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CHAPTER 4: MULTIPLE GATE PROCESS CHARACTERIZATION

This chapter describes the process for fabricating the two proposed multiples
gate SOI device dructure. As these fabrication steps are being detailed, the key
problems encountered will also be discussed here. The process will be discussed under
the following section:

o SOl wefer preparation
o SOl activeregion
*  Replacement gate mask formation

* GAA physica dructure

"n"-gate physica structure

41 SOl WAFER PREPARATION
The gtarting subgtrate isa 200 mm SMOX P-type wafer consisting of a 1000 A
SOl film above a2000 A buried oxide (BOX) layer (see Figure4.1).

1000 A
2000 A

nodidie,nn i M e i maimmt&liMm.-

Un»i&

Figure 4.1: X-SEM of SOI wafer.

The process begins with the growth of a 100 A sacrificid-oxide layer, which is
grown thermally on the surface of the SOI layer. The sacrificid-oxide is usad to
cushion the SOI layer from interfacid stress contributed by the slicon nitride film
(1600 A) that is to be deposited on it. The nitride layer serves as a hardmark for the
active region definition. After hard mask depostion, a4200 A photoresist is coated to

define the active region through the use of 248 nm DUV (deep ultra-violet) optica
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lithography. Upon mask definition, an etch process is carried out to pattern the hard

mask.

42 SOl ACTIVE REGION

A reduced timing of the conventional shallow trench isolation (STI) etch recipe is used
initially to define the active region. However, it resulted in severe undercut a the
bottom sides of the active layer as illustrated in Figure 4.2. The undercuts have

consumed more than 35 % of the active area.

Cross sectional view

Dran
Hardnmsk
BOX
Qubgrate Source
| HM P

V)

Figure 4.2: (a) Cross sectional schematic illustration and (b) XSEM etch profile of
silicon channel using STI etch, under high MAG (IOOKX).
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The massve removad is probably due to the low sdectivity and the long
duration that is gpplied during the etch process. Besides, the buried oxide aso suffers
from rigid remova during the ion etchant bombardment. The condition is worsen by
the dilute HF that is being used during the post STI clean. As a result, a narrow
distorted silicon base is formed underneath. The top and bottom gate dimensions are
no longer symmetricad and this can lead to an increase in parasitic gate-drain/source
capacitance later on. In fact, the remaining active sllicon idand is likely to "topple off*
in the subsequent fabrication steps since dilute HF is being used as a cleaning agent in

every diffuson stepsto remove contaminations.

421 POLY-SLICON RECIPE
Consdering the undercutting problem, the STI process is hence replaced by a
poly slicon recipe to avoid unnecessary undercut. In this recipe, two main stages are

involved.

Figure 4.3: XSEM of multiple channels after poly etch seen a high MAG (IOOKX).

The end-point detection etch used in the first stage removes slicon materia

until it reaches the oxide etch stop layer (ESL). The standard time based overetch
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process is next used to remove the remaining stubborn silicon spacers that are formed
a the sidewalls of the Structure. In Figure 4.3, it is clearly seen that the poly glicon

recipe can till create minor undercuts at the footage of the active region.

422 REVISED POLY-SLICON RECIPE

From the observations, it isnoted that the chipped off a the sdewdls are partly
contributed by the strong "back blast” effect of the etchant upon bombarding the BOX
layer over an excess period of time during the sandard over-etch procedure as
illustrated in Figure 4.3. On the other hand, the BOX layer shows high selectivity with
negligible oxide loss during silicon etch. Findings indicate that the best etch profile can
be achieved by usng end-point detection etch method with a reduced overeich
duration of 15 seconds instead of the norma timing of 45 seconds (see Figure 4.4).
There isno sign of sgnificant undercut in the dense structure and especialy in isolated
structure. Furthermore, nearly zero oxide loss is seen on the BOX layer. A draight

sdewall profile can be achieved using the revised recipe.

EHT- 100kV IDOI Dit> 5 F.b 2003
| 1 WD- 2mm Timi :2:38:S2

Figure 4.4: XSEM profile of sllicon channd using optimised etch recipe.
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43 REPLACEMENT GATE MASK FCRVATI ON

Upon forming the SOI active region, a hardmask trench for the BOX cavity
known as the replacement gate mask is to be developed. The concept uses the origina
gate mask and peaforms areversa definition of the gate region in a series of steps. In
other words, the area that is supposed to form the gate dectrode will cregte a gate
trench instead. A stack layer of 1600 A nitride/ 150 A oxide/ 1600 A nitride is firg
deposited. Next, the wafer is exposed and patterned via gate mask lithography. Thetop
nitride layer is then patterned using standard composite nitride etch recipe (see Figure
4.5). This recipe condgsts of two procedures, namely the main etch and the overetch
processes and some problems have been noted among these criticd steps. The end-
point detection timing (main etch) is noted to reach to a maximum limit of 55 seconds
ingead of norma detection timing of 40 seconds. Following the main etch, a norma
overetch gtep is caried out to complete the process. As a result of the two etching
procedures, the excess etch causes a punchthrough of the 150 A into the oxide as well

as another 800 A (gpproximate) of the bottom nitride film (see Figure 4.5Db).

This phenomenon is unusud because the reticle transmisson (RT) for gate
mask is higher than active mask. This means that more regions will be needed to
remove away using the gate mask than the active mask. With more regions exposed,
the etch rate should become dower. The etch recipe is dso found to have low
selectivity for nitride and glicon oxide. It will remove both layers regardiess of the
presence of the etch-stop layer (Si02). Even though the nitride etch rate is dower, it
removed the top nitride as well as the 150 A dlicon oxide during the maximum
duration of 55 seconds. Subsequently, it went through the over-etch stage which

accounted for the other ~800 A of nitride | oss.
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Cross sectiond view

(c)
Figure 4.5: (8) Schemdtic illustration of replacement gate mask formation, (b) XSEM
of nitride profile after etch before staining and (c) after BOE staining.
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Consgdering the above, the recipe is replaced by a STl hardmask etch which
provides a relatively higher sdectivity for nitride and thin slicon oxide. The XSEM
images of Figure 4.6 shows that the pitch dimenson generdly remains the same over
the multiple and iso silicon channdl, a about 0.18 urn for every opening. The 150 A
sacrificid oxide, which acts as an etch stop layer, retards the etch chemigry from

reaching the bottom S13N4 layer. No nitride loss is observed at the bottom.

* * - VisftitEfcS* J

@

(0)
Figure 4.6: XSEM of nitride profile in (&) multiple channds and (b) single channel.
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The patterned wafers are then deposited with 3000 A of oxide, followed by a
high temperature oxide dengfication step a > 950°C for about 15 seconds. In this step,
the oxide must be uniformly thick, catering up till & least the top of the nitride strips.
Thisisto dlow sufficient room for chemica mechanica polishing (CMP) to be carried
out in the following step. Most importantly, the high density plasma (HDP) deposition
exhibits good oxide gapfill properties (see Figure4.7).

@

(0)

Figure 4.7. XSEM of oxide depogtion profile in (8 multiple channd, (b) single
channdl.
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A capping layer is lad on top of the sample to prevent surface oxide removd
during light buffered oxide etch (BOE) daining, which is usad to provide better
contrast for viewing. It is an etching solution containing hydrofluoric acid, HF, and
ammonium fluoride, NH3F. The hydrofluoric acid etches slicon dioxide and the
ammonium fluoride raises the solution pH to reduce the solution rate of attack rate on
photoresist. So far no pinhole has been found at the edges and sdewadls in the dense
and single channdls. The rough surface topography attained after post deposition is not

aprime concern since CMP is able to planarize the surface at alater stage.

Figure 4.8: XSEM of oxide CMP profile in: (@) multiple channels and (b) single
channd
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Time based polishing is then carried out to planarize the oxide until it reaches
the nitride surface. A total time of 65 seconds is recorded in the two polishing steps to
obtain the correct oxide thickness (with a remaining S3N, > 1000 A). In addition, a
separate find polishing procedure is used to provide light polishing and to remove
durry particles and smal wefer defects. A smdl amount of oxide is buffed awvay
during this procedure (typicaly 300 to 400 A), which dso ads in the remova of

defects. Figure 4.8 shows the uniform profile achieved across the dense (multiple

channels) and iso (single channdl) structure after polishing.

Figure 4.9: Profile after H3RO4 etch for: (a) multiple channels and (b) single channd.
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@

(b)
Figure 4.10: XSEM profile after nitride remova (d) multiple channd, (b) single
channdl.

Theregfter, the bottom layer of nitride is etched anisotropicaly for atota time
of 65 seconds in atwo step remova procedure. Roughly about 500 A of oxide is dso
removed during this stage. It is interesting to note that the final profile for the multiple
channds hardmask is much smaller than the initid gate length overlay of 0.13 urn (see

Figure 4.10). In fact, the measured 100 nm channd width is constantly recorded
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throughout the entire wafer. Hence, we would expect the channd width of the
completed device to be much smdler for dense sructure (multiple channels). The
remaining oxide mask on top of the nitride will be removed during the stage of cavity

etch. At thistime, it completes thefinal formation of the replacement gate mask.

44  PROPOSED GAA PHYSCAL STRUCTURE

Once the replacement gate mask is formed, it involves an additional wet etch
gep to form the structure. A diluted HF wet etch is carried out to dig a cavity
undernegth the gate channel. The objective isto have the deposited poly materid wrap
around the channd and at the sametimefill up the cavity to form the bottom electrode.
Initidly, experiment with different conditions are carried out to determine the etch rate
based on a given standard wet eich recipe. This isto ensure that the cavity profile is
well optimized. Should there be any overetch of the cavity, it will result in unnecessary
formation of undercut below the source/drain region as well. Once the gate materid
flows undernesth the source/drain region, it will definitely cause a short circuit
between the source and drain region. Based on the etch results obtained, the caculated
etch rate is goproximately equals to 4.5 A/s. A mgor problem has been encountered
during the formation of the silicon "bridges’ for long channel gate length, Lg. During
the undercutting process, the source and drain region, which act as supporting pillars at
both end are not strong enough to withstand the weight of the slicon bridge. As a
result, the channds bresk apart without the support of the beneeth buried oxide (See
Figure 4.11). The problem is dso aggravated in the subsequent pre-clean dep

contribute by the strong vibration of the megasonic cleaning technique prior to the gate

deposition.
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Figure 4.11: XSEM profile of "fdlen" dlicon channe (&) before and (b) after gate
deposition.

It is noted that the concept of having cavity formation undernegth the silicon
channel can only be redlised in the short channd width. Nevertheless, a set of different
etch conditions (see Table 4.1) are carried out to investigate the effect of the undercut
beneath the slicon channd over its various dectrical behaviour. Figure 4.11 illustrates

the GAA profile after 100 and 150 seconds of wet undercut respectively.
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Table 4.1: Different cavity etch conditions.
Wafer Etchduration (s) Laterd remova (A) Expected oxide remaining

A)
GAALL 100 900 500
GAA12 125 1050 350
GAA13 150 1200 200
GAA14 175 1400 0
@

Figure 4.12: XSEM profile after wet etch of (a) 100 seconds and (b) 150 seconds.

The smalest GAA trangstor demondtrated has a dimenson of 015 um in
width and 0.12 urn in gate length that the 0.13 um technology can feeture (see Figure
4.13). Dueto the long channdl breskage issue, the usage of mega sonic trestment in the
pre clean step is lifted after the cavity formation. This to ensure that the long silicon
bridges can physicaly survived and remain intact after cleaning. However, the absence

of the megasonic treatment causes some undesirable effects, such as in higher particle
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content on the wefer surface since the particles are not being washed out. The other

may cause the cregtion of "crater holes" in thefield region (see Figure 4.13b).

@

()

©
Figure 4.13: SEM profile of GAA & (g) 15000x, (b) 50000x and (c) 120000x MAG.
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45 "n"- GATE PHYSICAL STRUCTURE

The formation is amilar to the GAA dructure as mentioned above. The only
difference is that an etching process is inserted dter the active definition 0 as to
achieve arounded surface channd. It begins with a 1600 A of nitride layer deposited
onto the active region and followed by the etch process. This process conssts of two
stages, namely the main etch and the overetch procedure. Firdly, the end point
detection main etch is carried out to clear mogt of the nitride hardmask until it reaches
the buried oxide etch stop layer (refer to Figure 4.14a). Then, the time based overetch
process is in placed to remove the remaining nitride spacers a the sdewadls of the
slicon and some stubborn nitride found at the surface. With more directiona etch used
in the second stage, the removd of the thin layer of nitride capping at surface actudly
helps to tailor the rounding of the slicon surface (see Figure 4.14b). In other words,
the rounded shape of the hardmask formed initidly after the fird etch is been

trandferred onto the slicon channd.

Etch direction

@
More directiond etch

Rounded S profile
S
BOX

(©

Figure 4.14: Creation of surface rounding (&) main etch, (b) directiond overetch and
(c) final profile after oxidation and annealing.
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Once the rounded channd is formed, a therma oxidation is carried out to
smoothen the surface roughness, followed by a rapid theemd anneding (RTA) to
repair the silicon lattice damages that occur during the nitride etch bombardment (see
Fig. 4.14c). The surface rounding technique is successfully demonsrated on both the

single and dense channel using the 0.13 um technology node.

Figure 4.15: XSEM profile of channd width after nitride removal.

Figure 4.15 depicts the cross sectiond view of the transistor channel width for
both channdls. As expected, the multiple channd width (100 nm) is much smaler than
the single channd (130 nm) due to the smdler hardmask definition in the earlier
stages. The thickness of the body is 960 A with the top surface smoothly rounded. The
structure resembles the shape of a letter "n". Next, the slicon channd is exposed to
rapid thermd nitrided oxidation (RTNO) to form a 20 A layer of gate dielectric. A
2000 A thick polyslicon is depodted and paiterned afterwards to form the gate
electrode with sidewalls extend into some depth (~ 500 A) of the buried oxide. Figure
4.16 presents the SEM images of the "n"-gate sngle channd transstor structure. The

featured gate length is gpproximately 0.13 um with anarrow width of 0.09 um.
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(©
Figure 4.16: Tilt SEM profiles of NMOS trangstor (a) 13000x and (b) 25000 x MAG.
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CHAPTER 5: MULTIPLE GATE DEVICE CHARACTERISATION
This chapter discusses the experimenta results derived from the short channe
Ol MOSFETSs that have been fabricated and outlined in chapter 4. Emphasis is dso
given to the comparison of experimenta findings with different transistor dimensions
(0.13 urn and below) for both the SOI n-gate and GAA NMOS transstors. The
trangstor current-voltage (I-V) characteristics and the short channel behaviour of

various transstor parameters are extracted from the experiments will dl be detailed.

51 PROPOSED "n"-GATE NMOS TRANSSTOR CHARACTERISTICS
As discussed in chepter 3, the proposed n-gate structure provides enhanced
gate-to-channel controllability and offers excellent short channd effect properties over
other non planar SOI devices. In addition, it diminates the early turn on effect in the
threshold voltage characteristic (see Figure 5.1). The eectricad properties of the 0.15
im and 20 urn channd width NMOSFET n-gate transistors are presented here. This
includes the drive current performance, transconductance and short channd  effects
behaviour. The effects of gate length and channe width variaion are dso explored in
this chapter. The results obtained are separatdly discussed in the following sub-

Himirdion of comg tranggor
- no ealy tum on effedt

Scewdl gete edarsian _L"é?fm“fmme el
- ehance gate contrallhlity

sections.

Figure 5.1: The device characterigtics of an n-gate NMOSFET.
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511 Yn"-GATE NMOSTRANSISTOR (SHORT CHANNEL WIDTH)

In Figure 5.2a the drive current is plotted as a function of drain voltage for

different gate overdrive. The narrow width 0.12 um n-gate NMOS transistor displaysa

drive current capability of 600 \iAAimat V4= 12 V. The threshold voltage is recorded

a5 0.223V (see Figure 5.2b). The extracted Vu, isdefined asthe voltage measured at Id

= 0.1*(dlicon width/ gate length) and in this case, the corresponding Id isof 125 nA.
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0.0 0.6 12
Gate voltage, V (V)

(©)
Figure 5.2: A narrow width 0.11 urn n-gate NMOSFET (g)la- Vd characteristics (b) I9-

Vy characteritics and (c) Subthreshold dope and off dState leskage current
characterigtic.

The observed device transconductance beta (the dope of the Idvd curve in
linear region) is quite steep. This reflects the low parasitic resstance can be achieved
by the use of cobdt slicidation in source/drain regions. The novel n-gate device also
managed to achieve excelent short channel characteristics, whereby a near ided
substhreshold dope of 64 mV/dec is observed during linear and saturation region,
where Vd = 0.1 and 12 V respectively. The drain induced barrier lowering (DIBL) is
of 83 mV/V and the low off-date leskage current lon isonly of 3.11 nA/um a Vd =
12 V (see Figure 5.2c). Here, the subthreshold dope is defined as the gate voltage
shift required to increase the drain current in the exponential subthreshold region by
one order of magnitude. The experimental results are unanimous in proving that the
short channel effects are much attenuated in the proposed narrow width n-gate device

as compared those derived from bulk slicon technology.
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512 "iT-GATE NMOSTRANS STOR (LONG CHANNEL WIDTH)

Figure 5.3 features the 14-V4 characteristics of the 20 um width by 0.1 lum gate
length n-gate NMOS transistor. The NMOS device current drive performance is found
to be 430 uA/um a adrain voltage of 12 V. It is interesting to note that an abrupt
increase in saturation current occurs when the drain voltage is increased above 0.6 V.
This phenomenon denotes the setting-in of the kink effect under strong biasing
conditions.

500
n-gate

W =20 pm V=12L
9 400 L « 0.11pm 9

0.0 0.2 0.4 0.6 0.8 1.0 12
Drain Voltage, V4 (V)

Figure 5.3: IdVd characteristics of a0.11 um n-gate NMOSFET.

This is mainly due to the creation and accumulation of eectron-hole pairs via
impact ionization in the large neutra body width that is left floating underneath the
depletion region. When the forward biasing of the body-to-source junction is sufficient
to turn on the device, the body potential will decrease and lower the operating
threshold voltage. The kink effect leads to improved current and transconductance

vaue. It is not entirdly harmful for digita gpplication. In fact, such devices inherently
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Next, Figure 54 presents the grgphicd threshold voltage, Vih and the
transconductance, G, & a drain voltage, Vj of 0.1 V. The transconductance is a
measure of the effectiveness of the control of the drain current by the gate voltage.

Given V§ = 0.1 V, the Vo, and G,(max) are measured to be 0.525 V and 260 uS (see

Figure 5.4) respectively.
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Figure 54: Id- V4 characteritics of a0.11 urn n-gate NMOSFET.

Figure 55 shows the subthreshold I<-Vg characteristics of the n-gate NMOS
trangstor. The drain bissVq is taken as a parameter and varies from 0.1 to 12 V. It
demonsgtrates quite good subthreshold transistor behaviour of 73 mV/dec a smdler
drain voltage of 0.1 V. However, it degrades sgnificantly to 140 mV/dec a higher
drain bias of 12 V. Thisisan immediate consequence of the increased potentid & the
SOl/buried oxide interface. A high off-sate leskage current, W of 740 nA/um isaso

recorded a 12 V operating conditions.
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Figure 5.5: Subthreshold characteritics of the 0.11 urn n-gate NMOSFET.

Other than the poor subthreshold behaviour a higher drain voltage and high
off-sate leakage, the long width n-gate device aso presents apoor DIBL vaue of 275
mWV, which becomes atificidly high and to some extent loses its meaning. The
elevated DIBL degradation attributes to the floating body effect where the potentid is
abletorise asdrain charges leak through the drain-body junction diode. As areaullt, the
threshold voltage of the device lowers, complementing the natural barrier lowering of
norma CMOS a shorter channd lengths. Asthe body voltagerises, the channd length
actudly remains long because the space charge region surrounding the high-voltage
shrinks. This subdues short channd effect threshold voltage reduction. Nonetheless,
the body voltage has a larger influence on the threshold voltage and so the device
appears to have large DIBL. Depending on process, an n-gate device with its body

contact connected to a Sable potentia will revert to the bulk-CMOS DIBL vaue.
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513 EFFECTSOF DIFFERENT GATE LENGTH FOR N-GATE DEVICE

In this section, the dectrical properties of the proposed n-gate NMOSFET are
andyzed and discussed for various gete lengths a Ly = 0.11, 0.12 and 0.13 um
respectively. Figure 5.6 compares the drain saturation current in a number of n-gate
NMOS transistors with different gate lengths, as a function of the gate overdrive (V-
Vu,). A larger current is observed when shorter gate length, L, is considered. At agate
overdrive of 12 V, the O.llum gae length NMOS present an 8% and 17% current

improvement over the 0.12 um and 0.13 um gate length NMOS structure respectively.

V-V nh

g th
Figure 5.6: Drive current characterigtics at different gate length for n-gate NMOS
transstor.

As demondrated in Figure 5.7a, the maximum transconductance, G, of al gate
lengths is comparable & the linear region. However, the maximum G, for a0.11 um
L, is better than the 0.12 um and 0.13 um L4 structures by 9.2% and 23% in the
saturation region. In Figure 5.7b, the off-state |eskage current obtained & V4= 0V and
Vd =12V is depicted. The measured Iff for Lg = 0.11 um is 740 nA/um wheress a L,
= 0.13 um, the Iff = 468 nA/um. However, it is unexpected that the Iff for Ly = 0.12

um is 167 uA/um, which is higher than the rest. Theoreticdly, one with a shorter gate
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length will tend to cause higher leakage due to the lower threshold voltage and higher
electric field that is induced under strong drain biasing. In fact, this phenomenon
actually happens for the Ly = 0.11 um and 0.13 urn only. We suspect that the leaky
characteristic of Ly = 0.12 um NMOS transistor is most likely caused by poor gate

oxide integrity, which creates additional |eakage paths between the source to drain.
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Figure 5.7: n-gate electrical characteristics for different gate length (a)
transconductance and (b) subthreshold slope and off-state leakage current.
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The effect of higher Igf incurred in 0.12 um NMOS transstor has certainly
afected the subthreshold dope. A smilar subthreshold dope close to about 140
mV/dec, operating in saturation region is illustrated in Figure 5.7b for both the 0.11
um and 0.13 um NMOS devices. The subthreshold dope is dightly more than 160

mV/dec for the 0.12 um device

Table 5.1 summarizes the eectrica properties on different gate lengths for the
proposed n-gate structure. It is observed that the 0.11 um n-gate NMOS transistor
offers the best current drive and transconductance a a lower threshold voltage. It dso
exhibits better short channd behaviour such as excelent subthreshold behaviour

during linear operation.

Table 5.1: Electrica characteristics on different gate length for n-gate NMOSFET.

Gate Length, L (um) 011 012 013
Drive current, 1ds* (UA/um) 463 433 395
Threshold voltage, V* (V) 0525 0554 0.602
Transconductance, GMig (US'um) 652 609 559
Subthreshold dope (mV/dec) 70 - &4
DIBL (mV/V) 275 329 256
Off-gate current, Igf (nA/um) 740 - 468

514 EFFECTSOF DIFFERENT CHANNEL WIDTH FOR N-GATE DEVICE

The efect of different channd widths for the n-gate NMOSFET are dso
studied to investigate on the various basic dectrical properties. Two sets of different
channel widths are compared, namely the long 20 um and short 0.12 um L4 n-gate

NMOS transstors. Figure 5.8 provides a comparison of the drive current for different
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channel widths. For the 20 um L4 n-gate device, an increasing current trend is noted,
whereby a wider spread is observed over a higher overdrive gate voltage (V- Vth).
Under a strong overdrive of 12 V, the 0.15 um channe width device exhibits the
highest current drive amongst therest. A 59% and 167% improvement in current drive
is recorded over the 0.3 urn and 3.0 um channel width respectively. A smilar trend is
aso obsarved for short channel n-gate NMOSFET (see Figure 5.8D).

The 0.15 um channe width device yidds 52.5 % enhancement in drive current
when compared to the large 20 um channd width device. This current enhancement
ggnifies that the congtruction of a gate electrode that extends into some depth of the
buried oxide will play an important role in improving the current drive performance as
well. Mogt probably, multiple inversons or conduction have taken place at the channd
surface, Sdewdls or even beneath the slicon channd due to the extended gate

electrode, contributing to the eventud improved current drive performance.

——0.15pm

@
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()
Figure 5.8: n-gate drive current characteristics for different channel width (a) long L
(20 um) and (b) short Lg (0.12 um).

Figure 5.9: n-gate drive current characteristics for different channel width (a) long L
(20 um) and (b) short L4 (0.12 um).

The loMdf characterigtics of the n-gate NMOS device with different channd
widths are summarized in Figure 5.9. At afixed gate length of 20 um, the on-date
current of 9.2 uA/um is obtained at a leskage current of about 220 pA for the 300 nm

device. The leakage current increase rgpidly asthe channel width is scaled down.
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Figure 5.10: Subthreshold dope of the n-gate NMOS device as a function of channel

width.

Dependence of the subthreshold dope of the n-gate NMOS device on the
channd width is demonstrated in Figure 5.10. From the graph, it is worth noting that
the subthreshold dope a Vd= 0.1V decreases from 80 mV/dec to 62 mV/dec when the
channd width is scaed from 0.3 urn to 3.0 urn. At low biasing condition where V4=
0.1 V, the overal subthreshold behaviour for al the devices are improved dightly.
This is a clear indication that the excellent value of the subthreshold vaue in smdl
channd width n-gate transistor permits the usage of smdler threshold voltage than that
of bulk devices without increasing the leskage current. As a result, better speed

performance can be attained, especidly at low supply voltages.
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52 PROPOSED GAA NMOSTRANSSTOR CHARACTERISTICS

In this section, the eectrical behaviour of the GAA trangstor is presented. The
GAA trandgtor offers multiple surface inversions where the inverson charge spreads
throughout the entire surface of the ultrathin silicon body (see Figure 5.11). The device
characteristics can be enhanced tremendoudy. The GAA is wdl known for
suppressing short channd effet (SCE) such as Drain Induced Barier Lowering
(DIBL) and subthreshold dope degradation. GAA designed with a bottom gate
extended into the buried oxide undernegath the active slicon film, will effectivey
shield the back of the channd region from the eectric fied lines directed from the
drain. Thus, it is capable of suppressing the DIBL effect and reducing the subthreshold

current. Different gate configurations due to the slicon channd undercutting are dso

ingpected.
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Figure 5.11: The device characteristic of a GAA MOSFET.

521 012 \xm GATE-ALL-AROUND (GAA) NMOSTRANSISTOR

Figure 5.12 features the Gate-All-Around of narrow width (0.12 urn) structure
MOSFET device (I?vd characteristics). This novd GAA device with the gate
coverage extending to the beneeth the silicon channd exhibits a substantia current
drive of 1200 uA/um. No kink effect has been observed. The dope of the IdVd curve
in the linear region reflects a consderably low series resstance. Note that cobalt

dlicidation has been employed in the NMOS devices discussed in thisthess.
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Figure 5.12: The I 4 V4 characterigtics of the narrow width 0.11 urn GAA NMOSFET.

The graphicdly extracted threshold voltage is of a negative vaue a 0.194 V
(see Figure 5.133). This is because of the low n+ poly gate work functions (O,,) of
4.17 eV that isinsufficient to achieve the desired positive threshold voltage. In order to
obtain a proper Vth, the submicron device requires a range of gate work functions of
sy 4.4 -5.0 eV. This precludes the deployment of poly-Si as a gate materia. Hence,
midgap metd gates maybe suitable for use to attain the desred Vu, for the GAA
NMOSFET. Besdes, the metd gate offes lower gaie sheet resistance, and the
retardation of boron penetration and poly depletion in degp submicron MOSFET.
Despite the fact that the proposed GAA fabrication processis limited to the used of n+
poly gate materid for the NMOS device, different gate materias are anadysed s0 asto
evauate the shifting of the Id-Vg characteristics dong the Vg axis with respect to the

corresponding work function difference.
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Figure 5.13: A narrow width 0.11 um GAA-gate NMOSFET (@) Ig- V4 characteristics
and (b) Subthreshold dope and off State leskage current characterigtic.

The of the negative threshold voltage in GAA device has resulted in a very
lesky, W of 55 uA/um at V 4= 0 V. Thisreading is however not atrue reflection of the

Idf value since the device is conducting appropriately at the point of time. In the case
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of a metd gate, the I4r fdls onto the nanometer regime. Nevertheess, the GAA
NMOSFET ill demondtrated excdlent DIBL properties of 32 mV/V. A near-ided
subthreshold dope behaviour of 65 mV/dec and 69.5 mV/dec a both the linear and

saturation operating region, independent of the gate materia used are aso observed.

522 EFFECTSOF DIFFERENT GATE ELECTRODE EXTENSON

Figures 5.14 (a) to (d) present different gate configurations fabricated in the
project 0 as to underdand and analysis the effect of gate eectrode extenson on the
GAA NMOS transstor eectrica behaviour. The firg figure illustrates a basic n-gate
design with the gate electrode extends into the buried oxide without any undercut
beneath the slicon channd. As for the rest of the structure (see Figure 5.14 (b) - (d)),
the gate configuration have been exposed to different etch timing at: b)100 seconds;
0)125 seconds and d)150 seconds respectively. Narrow width trangstors of 0.12-um
gate length are used as reference for device comparison on the drive current capability

and the short channel properties such as subthreshold dope and DIBL behaviour.

Poly

Si

Substrate

@

Figure 5.14: Cross sectiona view of different gate configurations: & no etch, b) 100
Sec, €) 125 sec and d) 150 sec undercut beneath the silicon channel.
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Figure 5.15: Drive current characteristics for different slicon channe undercut
duration.

In Figure 5.15(a), a comparable drive current of gpproximately 600 uA/nm is
obtained between the device structures: with an undercut timing of 100 seconds and
without undercut beneath the dlicon channd. It can be seen that the highest drive

current of 820 uA/um is achieved in the optimised GAA device sructure with an
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undercut timing of 150 seconds. Thistiming actualy corresponds to the time necessary
to completely remove the buried oxide underneath the silicon channel s0 asto havethe
gate electrode wraps around the silicon channel. The overdl current drive capability in
percentage is plotted in Figure 5.15(b) for differet NMOS devices againg the
undercut timings. For this case, n-gate with no undercut istaken as areference node to
compare the drive current performance as a function of different etch timings.
Generdly, the result indicates a rigng trend, where the drive current performance
increases with the amount of undercut benesth the slicon channd. GAA device
displays an amazing improvement of 37% in the drive current over the n-gate device.
This result clearly shows that there is a close relationship between the effect of gate
electrode extenson into the bottom slicon channd and its eectrica behaviour.
However, alinear relationship between the current drive and the etch timing cannot be
established. This is because upon the buried oxide benegth the silicon channe being
totally y removed (after 150 seconds), further undercutting will probably only yield

smilar drive current performance.
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Figure 5.16: Subthreshold behaviour and DIBL characteristics for different undercut
beneath the silicon channdl.
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Figure 5.16 shows the subthreshold dope and the DIBL in device structure with
differing gate eectrode extensons benegth the silicon channd. It can be observed that
the subthreshold dope is quite consstent and are dl very close to ided theoretical
vaue of 60 mV/dec for dl devices. Smilarly, the DIBL for adl device are well kept a
below 100 mV/V. The DIBL ismog effectively suppressed by the GAA gate structure.

In summary, the effect of gate dectrode extenson benegth the sllicon channd
has been studied. Results show that the transstor characteristics generdly improved
with larger gate extenson benegth the sllicon channd. For instance, the GAA NMOS
device clearly exhibits higher drive current and excellent short channel effects over the
n-gate device. These advantages include an increment of 36% in drive current, near
ided subthreshold dope of 69 mV/dec and a low DIBL of 32 mV/V. These findings
are consgtent with some of the recently published work [1][5][23], whereby GAA is
found to be the most suitable device structure for effective drive current improvement

and for suppressing short channe effects.
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CHAPTER 6: CONCLUSION AND SUGGESTION FOR FUTURE WORK

6.1 CONCLUSION

The project aims to make a significant contribution towards the search for
advanced SOl MOSFETSs for continuous scaling into the deep submicron regime, for
down to 0.1-urn gate length. First, a general introduction concerning the trend of
device miniaturization and VLSl technology towards the end of silicon roadmap is
given. The advantages of the SOI technology have been identified and various
applications have been presented in this thesis. The methods for producing SOI
structures with emphasis on its suitability for CMOS applications have been described.
At the present stage of technological maturity, the few techniques that are considered
serious contenders for VLSl CMOS SOI application in the near future are the
separation-by-implanted-oxygen (SIMOX) method and the wafer-bonding approach.
In this project, the SOI wafers prepared via SIMOX approach have been ultilised. The
electrical properties of the SOl MOSFETSs have been outlined, especially in connection
with the basic transistor design choice, i.e, thick or thin film, partially or fully depleted
SOl film. The advantages and drawbacks of each approach as well as the SOI inherent

floating body effect have al been discussed in section 2.2.3.

Considering the different kinds of three dimensional (3D) SOI MOSFET
characteristics, the n-gate and Gate-All-Around (GAA) structure are proposed to
enhance the performance of both the conventional triple-gate and the quadruple-gate
designs. In brief, the n-gate NMOSFET s introduced to eliminate the early turn on
effect due to the corners that are inherent to the transistors, which appear in the triple-

gate structure (see section 3.2.1). On the other hand, the GAA structure is proposed to
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offer an optimum electrical performance for deep-submicron SOl transistors. The
process optimisation for fabricating such multiple-gates SOl device structures has been
clearly described. For the first time, the novel surface rounding technique and the
replacement gate mask process are finely demonstrated to achieve rounded silicon
channel and to create a cavity beneath the silicon channel respectively using the
conventional bulk processing tools. The proposed narrow-width 0.12-um n-gate and
GAA NMOS transistors are successfully fabricated using a compatible 0.13-um bulk
fabrication process. Though many process issues such recipe mismatches and
measurement errors are encountered during fabrication (due to the use of SOI

substrate), the issues have all been resolved to attain the fina desired structural profile.

The experimental results obtained from the fabricated multiple gates SOI
MOSFET such as the n-gate and the GAA NMOS device have been presented.
Comparisons of the experimental findings with different gate lengths, channel widths
and even gate extension beneath the silicon channel have al been established. The
proposed n-gate device demonstrates possible elimination of "early turn-on" effect and
excellent short channel behaviour. It is interesting to note that the 20-um channel-
width n-gate transistor shows a kink effect during strong drain biasing. This
phenomenon gives rise to the lowering of Vu, and hence, the increased drive current.
Base on the study carried out to investigate the effect of gate electrode extension
beneath the silicon channel, the GAA device exhibits a most suitable transistor design
to improve on the current drive and for effective suppression of the short channel
effects. However, the choice of gate material for the GAA devices may have to be
switched to metal gates for attaining suitable threshold voltage for optimum transistor

performance.
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In summary, two new types of advance SOl structures have been demondrated.
They offer excelent eectricd properties to sustain the pace-quickening trend in

submicron silicon technology and beyond.

62 SUGGESTION FOR FUTURE WORK
Taking into account the results obtained so far, an outlook on the future

development and perspective of the advanced SOI device are given as follows.

Although the 0.11-um SOI transgtors fabricated in this project show better
switching characterigtics, they tend to exhibit very high off-date leakage. In order to
dleviae the high parastic leakage problem, two suggestions are made. Upon the
completion of the surface rounding process, the silicon surface shdl undergo therma
oxidation to smoothen the surface roughness prior to gate dielectric growth. Thisisto
alow better transconducance behavior and to minimise on the current leskage paths.
Alternatively, ahigh-k gate oxide can be usad to replace the conventiona oxide, so as
to provide low leskage current while maintaining good gate controllability over the

slicon channd.

The featured n-gate and GAA NMOS devices require the replacement of poly
gate with metd gate 0 as to obtain proper threshold voltages. In this case, midgap
metal gates such as Molybdenum [1], Titanium nitride [2], Nicke Silicide [3], are
desrable for ataining correct Vu, for the GAA NMOSFET. Furthermore, metd gate
adso gives the advantages of lower gate sheet resistance, diminaion of boron

penetration and poly depletion in degp submicron MOSFET.
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A amdler physicdly gate length dimension as low as bedow 60 nm is preferred
in advanced 0.13-um SOl devices, to provide a sgnificantly improved current drive
for more complex future circuitries. In redlity, this can be achieved by incorporating
poly trimming process to further reduce the gate length through etching instead of
using lithography where the exposure margin is very tight and thefinal profile may not
be guaranteed.

As the devices continue to scae down aggressively, the formation in thin
dlicided source/drain region may be a prime concern since the slicidation process
becomes very difficult to control precisdly. It is worth suggesting that another way of
fabricating thin SOI device without compromising the source/drain resistance by using
different glicon film thicknesses for the channd and source/drain regions. This
technique uses the raised-source/drain to improve the saicide formation which will
a so reduce the parasitic resstance problem at the same time [4] [5]. This process shdll
be conddered in the future fabrication to ensure proper slicidation while the channd
thickness can scales down accordingly to the gate length to provide better electrica
behaviour such as lower leakage current and enhanced gate controllability.

Lagtly, thejustification for investing in a new CMOS device technology such
as the proposed advanced SOI must be found not only on its present attributes but dso
on its ability to favourably scale device features through future generations of

lithograph and voltage.
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