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ABSTRACT OF THE DISSERTATION

Advanced Channel Engineering for Thin Body Transistors

by
Po-Yen Chien
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2016

Professor Jason C. S. Woo, Chair

As transistor dimension kept scaling down, many challenges arises such as worse electrostatic
control and higher variability. In order to address these issues, thin down body thickness is widely
accepted and device structures such as FInFET and SOI are employed. Although FinFET has been
adopted as main device structure by major foundries like Intel and TSMC in 20nm node and
beyond, its analog performances like gm and fr are still lagging behind the bulk and SOl and prevent
it from applying to SOC applications. In order to maintain the scaling trend, new materials and/or
novel device design is needed. Therefore, channel engineering by using laterally composed with

different electron affinities along the channel is proposed to show improved analog performance.

Besides thinning down body thickness, there are other methods to realize thin body and one

of them is applying channel engineering by employing deeply retrograde doping profile (DRCP)



in bulk device. The doping profile is designed such that it behaves like a thin body device while
maintaining bulk device structure. The advantage of DRCP device is that it is relatively cheap and
less complicated in terms of manufacturing than those device structures with physically thinner
silicon body like FINFET and SOI. It is then instructive to understand whether DRCP device can
deliver comparable device performance as FInFET and SOI in 20nm regime. The physics of DRCP
device is investigated by TCAD simulation tools and compared with halo device (conventional
bulk device) to show the origin of the superior performance. The device performances of bulk

device, DRCP, FInFET and SOI are compared to show the capability of DRCP device.

The other approach to make thin body is to utilize 2D materials like transition metal di-
chalcogenides (TMDs) as channel material of transistor owning to its ultra-thin body property. 2D
materials such as MoS, and WSe> were extensively exploited recently for FET fabrication due to
the good short channel effect control and potential superior carrier transport. Among these 2D
materials, WSe; is particularly attractive since p-type doping has been achieved making it possible
for depletion mode p-FET. However, lack of reliable doping technique makes the doping of the
WSe, difficult to be accomplished. In this dissertation, WSe> doped by controllable W:Ta co-
sputtering process and synthesized by post selenization is demonstrated. The material synthesis
and characterization of WSe; are discussed. The transmission line method (TLM) structure is used
to extract the sheet resistance and contact resistance with palladium contact. The MESFET is

fabricated and the performance are discussed.



The dissertation by Po-Yen Chien is approved.

Brian C. Regan

Chih—Kong Ken Yang

Jason C.S. Woo, Committee Chair

University of California, Los Angeles
2016



To my parents and my wife



Table of Contents

Chapter 1 Introduction

1.1 OVEIVIBW ...ttt sttt ettt ettt ettt et se e st et e e st e nbe e been e e et e e beeneesneenbeeneeares 1
1.2 Motivation and ODJECTIVE ........c.oiiiiiiieieiee e 2
(RS @] o T: T 2 o] PSSR 5

Chapter 2 Graded Channel for Improved Analog Performance

2.1 INEFOTUCTION ...ttt bbbttt ettt be b ne e e e e 7
2.2 SIMUIAtioN CAIDIALION .......cviiieiee e 9
2.3 Device Structure and CONCEPL........oouiiiririeieieee et 12
2.3.1 Simulation setup and deviCe SLrUCTUIE ..........cccovvriririiiieee e 12
2.3.2 DEVICE thEOIY ...t 13
2.4 SIMUIALION STUAIES ... oot sre et e neenne e aneenreas 15
2.4.1 Enhanced Carrier tranSPOIT.........cocuoeiieieiieiese e 15
2.4.2 Improved OULPUL FESISTANCE ........eciviiiiie e 18
2.4.3 Other device PerfOrmMAaNCE.........cooiiieieieieiee et 19
2.4.4 Graded channel device with various electron affinities............c.ccoooovveeienn, 20

Vi



2.4.5 Graded channel device with different junction locations .............c.ccccceeeenen. 22

2.5 SUMMIAIY ...ttt ettt ettt s bt e e s hb e e abb e e e bt e e e nbb e e e be e e anbeeennbeaeas 23

Chapter 3 Deeply Retrograde Channel Doping Profile for Improved Digital

Performance
L INEFOTUCTION ...t 25
3.2 Device Structure and CONCEPL......ccveieeireeieiee ettt ens 26
3.3 SIMUIALION TESUIES. ...t 28
3.3.1 Simulation methodology and simulated device structure ............cc.ccccevvennenne. 28
3.3.2 Improved digital performance............ccccevveieiieie e 32
3.3.3 Improved threshold voltage variability............c.ccooviiiiiininieee, 35
3.3.4 Improved analog PerformancCe .........coevereiireiieieee e 39
3.3.5 Comparisons of DRCP device, conventional device, SOl and FinFET ........ 41
34 SUMIMAIY ..ottt bbbt b ettt b e e bt b b e e 43

Chapter 4 Doped WSe; Channel Field-Effect Transistor for Back End

Applications
AL INTFOAUCTION ...ttt bbbttt bbbt n e 44
4.2 WSe; thin film preparation and material characterization..............cccccoevviiiiiniinnen, 46
4.2.1 WSez thin film preparation ... s 46

Vii



4.2.2 Material characterization of WSe2 film ....oovvveeeeieeeeeeeeeeeeeeeeeeeeeeeeee 47

4.3 Contact resistance and sheet resistance measured by TLM structure....................... 49
4.3.1 TLM fabrication PrOCESS.......c.cciveieerieiieiireieseesieeie e ste e sre e sre e e 49
4.3.2 The characteristics Of TLM StrUCLUIE............ccovviiiiriiiceiee e 50

4.4 Fabrication and characteristics of WSe2 MESFET ..o, 51
4.4.1 WSez MESFET fabriCation.........ccooiiiiieiiiiiici s 51
4.4.2 Characteristics 0f WS MESFET ........cccccoiiiiiiiiiieieie e 52

A5 SUMMAIY ..ttt sttt sttt et e et e st e e as e e e sh e e e sa e e e bb e e e bb e e e nbb e e e nbe e e nnbeeennnes 55

Chapter 5 Conclusion and Future Work

DL CONCIUSION <. 56
B2 FULUIE WWOTK ettt e e e 57
R Y (=] =] 0103 SR 59

viii



List of Figures

Fig. 1.1 V1n variability for 65nm and 45nm bulk deviCes...........cccveeiiiiiniiinireceee 4

Fig. 2.1 Comparison of drain current and transconductance for FInNFET and SOI devices at 20nm

(ol 0 0] 0T I =1 T 11 OSSR 7
Fig. 2.2 Transconductance versus channel length for FInFET and planar bulk MOSFET ...... 8

Fig. 2.3 Intrinsic gain and cut-off frequency versus channel length for SOI device, bulk device

L0 T T OSSR 9
Fig. 2.4 FInFET simulation and experimental structures for calibration...............c..ccccoc..... 11

Fig. 2.5 Calibration of simulation results to experimental data for (a) FinFET and (b) SOI device

Fig. 2.6 Simulated structure of double gate graded channel device and the electron affinity

changes along the Channel ..o 13

Fig. 2.7 Carrier density and velocity distribution along the channel for graded channel device and

ROMO JUNCLION ABVICE ......eiieieiece ettt et s sre et re e te e beenaesre s 14

Fig. 2.8 Lateral electric field distribution along the channel for graded channel device and homo

[0 gTe (o] g 1o (=AY o= OSSR 14

Fig. 2.9 Conduction band profiles along the channel for graded channel device and homo

18 gL o] g I (=Y [ ST 15



Fig. 2.10 Transfer characteristics and output characteristics for graded channel device and

NOMOJUNCHION AEVICE ...ttt bbb 16

Fig. 2.11 Transconductance of graded channel device and homo junction device versus drain

(o1 =T 3| PP TR PRTRS 17
Fig. 2.12 The transconductance vs drain current for bulk device and FInFET....................... 17
Fig. 2.13 Output resistance of graded channel and homo junction devices..............c.ccoen.... 18
Fig. 2.14 Intrinsic gain of graded channel and homo junction devices ...........c.cccccvevveiveennenn, 19

Fig. 2.15 Cut-off frequency and linearity of graded channel and homo junction devices..... 20

Fig. 2.16 Transconductance of graded channel device with various electron affinities........ 21

Fig. 2.17 Output resistance of graded channel device with various electron affinities.......... 21

Fig. 2.18 Transconductance of graded channel device with different junction locations...... 22

Fig. 2.19 Output resistance of graded channel device with different junction locations....... 23

Fig. 3.1 Deeply retrograde channel doping profile...........cccooiiiiiiiiiiii e, 26

Fig. 3.2 Realistic doping profiles for deeply retrograde channel profile...........c..ccccceneeen. 26

Fig. 3.3 Ip-Vp and Ip-V¢ curves of long channel MOSFET with deeply retrograde channel

C1 0 1 RSSO SRR 27

Fig. 3.4 Ip-Vp curves and lest of scaled MOSFFET with deeply retrograde channel profile. 27

Fig. 3.5 Vpsat and SS v.s. 1/L for two channel profiles.........cccooviiriiiiiiiiieece, 28



Fig. 3.6 Simulated device structures and device parameters for deeply retrograde and halo

CRANNET PIOTIIES. ..o 30
Fig. 3.7 Simulated vertical channel doping profiles for halo and deeply retrograde............. 30

Fig. 3.8 Trade-off in terms of lon/lott, SS, DIBL and Vrw variability by changing the halo charge.

The halo charge was chosen to be IX1053CM™2 Nere........ccocveveveveeeeeee e, 31

Fig. 3.9 Trade-off in terms of lon/lor, SS, DIBL and Vrw variability by changing the retrograde

charge. The retrograde charge was chosen to be 2x10cm2here......ococcvvveveeeeeevceeceieean. 31

Fig. 3.10 (a) Output characteristics of DRCP and HSD device (b) The Vpsat and SS difference vs

channel length for two doping Profiles ..o 33

Fig. 3.11 The 2-D electric field distribution with arrows to pointing the direction of electric field

for halo and deeply retrograde channel profiles inside the channel region ................cc.c....... 34

Fig. 3.12 The conduction band edge comparison of the deeply retrograde and halo channel

profile inside the channel region for Vp=1V and Vp=0.1V .........ccccceviiininininiiinisieenns 34
Fig. 3.13 V1w variability by adapting 3D and FDSOI device StruCtures ............c.ccoeveveeennen. 35
Fig. 3.14 Ayt comparison between our simulation and eXperiments ..........cc.ccocevevvveeeeennn, 37

Fig. 3.15 Vertical doping profiles when changing the standard deviation of Gaussian profile for

deeply retrograde channel profile deVICES .........cocveiiiieiiiieiie e 37

Fig. 3.16 Ayt of deeply retrograde Gaussian channel profiles with different standard deviation.

Avt increases with increasing standard deviation ... 38

xi



Fig. 3.17 DRCP devices with different deeply retrograde channel doping concentrations and

HSD devices with different substrate doping .........cccceoeieriiiniiieceee e 38

Fig. 3.18 V1w variation by changing the doping concentration for two channel profiles. DRCP

shows smaller slope than HSD and the difference correlate well to the AVT results........... 39

Fig. 3.19 The gm and Rout vs. bias current for deeply retrograde and halo channel profiles40

Fig. 3.20 The intrinsic gain (gm X Rout) Vs bias current for deeply retrograde and halo channel

PIOTHIES .t bbbt bbbt 40

Fig. 3.21 Vrn Variability comparisons of DRCP device, halo device, SOI device and FinFET41

Fig. 3.22 DIBL and SS comparisons of DRCP device, halo device, SOI device FinFET..... 42

Fig. 3.23 On current comparisons of DRCP device, halo device, SOI device and FInFET .. 43

Fig. 4.1 On current comparisons of MoS> channel FET, SOI device and FinFET................ 44

Fig. 4.2 Short channel behaviors comparisons of MoS. channel FET, SOI device and FinFET

Fig. 4.3 On current improvement of MoS> channel FET from mobility ..............ccoceoveineee. 45

Fig. 4.4 Preparation flow of WSe: thin film prepared by W:Ta co-sputtering process and post

SEIENIZATION PIOCESS ...ttt ettt b bbbttt e bbbttt ne e 47

Fig. 4.5 Raman spectrum, XRD analysis and TEM picture after the WSe; preparation....... 48

Fig. 4.6 TLM structure mask Pattern ..........ccoiiiiiiiieies e 49

Fig. 4.7 TLM characteristics of Pd/p-type doped WSez......ccevvviiriiiiiiii i, 50

xii



Fig. 4.8 Device Structure for MESFET ......cooiiiiiiie e 52

Fig. 4.9 MESFET’s transfer CharaCteristiCS..........ccovviieiieiiiieiiee e 53
Fig. 4.10 MESFET’s output CharaCteriStiCS .......uiuiuiiiiiiiiiiieiiiiessiieessiieessinessieessiee e 54
Fig. 4.11 MESFET’s transfer characteristics with different back gate bias ............c.c.coeeeenne. o4

Xiii



List of Tables

Table. 2.1 Device parameters from literatures for calibration...........c.ccccecevveiieiiiic e, 11
Table. 3.1 Digital device performance comparison for deeply retrograde and halo devices. 33
Table. 4.1 Process fIow Of TLIM StIUCKUIE .........covieieiieiiee e 49

Table. 4.2 Process flow of MESFET StTUCIUIE .......veveeeeeee e 51

Xiv



Acknowledgements

First, I would like to thank my advisor, Professor Jason Woo, for his endless patient and
valuable advices throughout this journey. He gives me a lot of spaces to explore and tolerant my
immature thoughts. |1 would have given up in the middle of the way without his non-stopping
encouragement during these seven years. He teaches me how to think like an engineer and he is

also very knowledgeable on device physics.

Second, | would also like to thank my committee members, Prof. Regan, Prof. Candler and
Prof. Yang for their suggestions and the time on this work. They provide many valuable opinions
to indicate the problems of it. | also want to thank Prof. Stafsudd and Prof. Williams for choosing
me as teaching assistant. Such opportunity not only gain me teaching experiences, but also give
me financial support in need. | am also very grateful for all the assistance | received from National
Chiao-Tung University (NCTU) and National Device Laboratory (NDL). | am benefit a lot from

the discussions with Dr. Jong, Dr. Chu and Dr. Ho.

Third, I would like to thank my lab mates. | did have a great time when interacting with you
guys ranging from discussing the professional knowledge to simply sharing life experiences. Hsu-
Yu Chang and Yanjie Wang, thanks for your suggestions when | try to find a research direction.
Bo-Chao Huang, thanks for your suggestions on experiment. Ming Zhang and Esther Chang,
thanks for your suggestions both on experiments and simulation. I learn so much from you guys.
| also want to thank the past the present colleagues, Ahmet Tura, Ritesh Jhaveri, Girish Nagavarapu,
Ali Sajjadi, Bin Li, Wilson Li, Peng Lu and Xuefang Gu. Discussions with you guys are always

helpful for me.

XV



Thanks to the staffs at UCLA, Wilson Lin, Hoc Ngo and Tom Lee, your technical support is
inevitable for my experiments. Deeona, Janet, Mandy and Ryo, you are the best administrators in

electrical engineering department. Department won’t function well without your contributions.

Last but not least, I would like to thank my parents and my wife. They always stand by my
side and encourage me when | had hard time. | would like to present this work to them, especially

to my father in the heaven.

XVi



VITA

2005 B.S. Electrical Engineering

National Central University, Zhongli, Taiwan

2007 M.S. Engineering and System Science

National Tsing Hua University, Hsinchu, Taiwan

Fall 2011 Teaching/Research Assistant, Electrical Engineering
To Spring 2016 University of California, Los Angeles

Publications

Po-Yen Chien, Ming Zhang, Shao-Chia Huang, Min-Hung Lee, Hung-Ru Hsu, Yen-Ting Ho,
Yung-Ching Chu, Chao-An Jong, Jason Woo, “Reliable doping technique for WSe2 by W:Ta co-

sputtering process” Silicon Nanoelectronics Workshop, IEEE 2016

Ming Zhang, Po-Yen Chien, and Jason C. S. Woo, "Comparative simulation study on MoS2 FET
and CMOS transistor," SOI-3D-Subthreshold Microelectronics Technology Unified Conference

(S39), IEEE 2015

Ming Zhang, Po-Yen Chien, and Jason C. S. Woo, "Comparative simulation study on MoS2 FET
and FInFET," IEEE TENCON 2015 (Invited)

XVii



Jason Woo, P.Y. Chien, Frank Yang, S.C. Song, Chidi Chidambaram, Joseph Wang, Geoffrey
Yeap, “Improved device variability in scaled MOSFETs with deeply retrograde channel profile”

Microelectronics Reliability vol.54, Issue 6-7, pp.1090-1095 2014

Jason Woo, P.Y. Chien, Frank Yang, S.C. Song, Chidi Chidambaram, Joseph Wang, Geoffrey
Yeap, “Improved device variability in scaled MOSFETSs with deeply retrograde channel profile”

ICMAT 2013

XViii



Chapter 1

Introduction

1.1 Overview

As transistor dimension kept scaling down, many challenges arises. Device performance
degrades due to worse electrostatic control like larger drain-induced-barrier-lowering (DIBL)
and subs-threshold swing (SS) [1]. Power consumption increases due to higher device density
per area. Lower operation voltage (Vop) can lower both the static and dynamic power efficiently
but it is impeded by Vrn variation and widely discussed in SRAM [2]. In order to address these
issues, thin body concept is widely accepted and device structures such as FInFET and SOI are
proposed [3,4]. In 20nm node and beyond, FInFET is adopted as main device structure by major
foundries like Intel and TSMC [5,6]. Although FinFET can achieve good digital performance, its
analog performances like gm and fr are still lagging behind the bulk and SOI and prevent it from
applying to SOC applications [7]. In order to maintain the scaling trend, new materials and/or
novel device design is needed. Channel region is the core of the transistor and most of the
problems mentioned above is closely related to it. Therefore, it is particularly important and

attractive to investigate the influence of channel engineering in such thin body device.

Besides FInFET and SOI, there are other methods to realize thin body and one of them is
doing channel engineering by employing deeply retrograde doping profile (DRCP) in bulk
device. The doping profile is designed such that it behaves like thin body device and improves
short channel effect while maintaining bulk device structure [8]. The advantage of DRCP is that

it is relatively cheap and less complicated in terms of manufacturing than those device structures

1



with physically thinner silicon body like FInFET and SOI. It is therefore interesting and helpful
to understand the physics of DRCP and whether DRCP can deliver comparable device

performance as FINFET and SOI devices in short channel regime (in Ls<30nm).

The other approach to make thin body is to utilize 2D materials such as transition metal di-
chalcogenides (TMDs) as channel material of transistor owning to its ultra-thin body property.
TMDs like MoS; and WSe; were exploited recently for FET fabrication due to the good short
channel effect from the nature of thin body and potential superior carrier transport [9]. Unlike
MoS;, there are relatively few studies on WSe> and also among these 2D materials, WSe: is
particularly attractive since it can be used as p-FET and makes the CMOS operation feasible [10].
However, lack of reliable doping technique makes the precise doping of the WSe> very difficult
to achieve [10,11]. It would be helpful and interesting to investigate the doping technique,
characteristics and transistor behaviors of doped WSe> and such investigation is crucial for the

further applications of WSe, channel device.

1.2 Motivation and Objective

For 20nm and beyond, FINFET has been adopted as one of the major devices by industries
for digital applications due to its superior electrostatic control and the necessity of increasing
current per foot print [5,6]. However, the analog performance of FInFET is still facing challenges
such as lower transconductance (gm) and cut-off frequency (fr) due to worse carrier transport and
higher parasitic resistance and capacitance [7]. In order to address this issue, novel device design

and/or different material system are needed. In this dissertation, the TCAD simulation is



calibrated to experimental data in order to capture the required physics in short channel regime.
The channel engineering regarding to graded channel concept by utilizing different electron
affinities along the channel is then proposed to improve analog performance of FINFET such as
gm, output resistance (Rout) and intrinsic gain. Such channel design can improve analog

performance and make FinFET suitable for SOC applications.

Power consumption is a big issue when scaling down CMOS and lower the operating
voltage (Vop) is very helpful to reduce both the static (lo#*Vpp) and dynamic power
(1/2*CVpp*f). However, lower the operation voltage is seriously obstructed by Vrw variation [2].
VrH variation is consisting of two components which are inter-die and intra-die. Inter-die is
caused by manufacturing fluctuation such as critical dimension (CD) variation and can be
compensated by some circuit techniques like adapted back gate bias. However, the later one is
caused by some physical mechanisms like random dopant fluctuation (RDF), line edge
roughness (LER) and metal grain granularity (MGG) and require other means to improve it [12-
15]. Among these mechanisms, RDF is the dominating mechanism and is more than 50% of the

total variations at 45nm as shown in Fig. 1.1 [16].
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Fig. 1.1 V variation for 65nm and 45nm bulk devices.

It is found that advanced device structures such as SOI and FinFET can reduce Vrn
variability from RDF due to the low channel doping levels, but these solutions are more
expensive and complicated in terms of manufacturing compared to planar bulk MOSFETS [3,17].
Recently, with the advance in silicon epitaxial growth, scaled planar MOSFETs with DRCP was
proposed to reduce V1 variability due to RDF and attempt to extend planar MOSFET beyond
the 20nm-node [15,18,19]. However, prior literatures about DRCP mainly focus on the capability
of delivering higher device performances rather than explaining the physics behind [8,20,21]. It
is therefore critical to understand whether DRCP can deliver comparable or better device
performance compared with SOI and FInFET in 20nm-node and beyond. In this dissertation, the

physics of DRCP is investigated by using TCAD simulation tools. The device performance of



DRCP, halo device (typical bulk device), SOl and FInFET are compared and show the limitation

of DRCP device.

Recently, transition metal di-chalcogenides (TMDs) like MoS, and WSe, draws much
attentions for FET fabrication due to their good electrostatic control, owning to the nature of thin
body and non-zero bandgap, and potential superior transport properties [9,22,23]. Among these
2D materials, WSe; is particularly attractive since the p-type doping has been achieved making it
possible for depletion mode p-FET [10]. However, the precise doping of WSe, especially in the
case of high doping concentration, is difficult due to the absence of a controllable doping
technique [10,11]. The low hole mobility is also a concern for non-exfoliated (CVD related
synthesized) WSe; though exfoliated WSe, can reach high hole mobility (140cm?/Vs) [24]. In
this dissertation, WSe> doped by controllable W:Ta co-sputtering process is investigated. Using
this technique, high accepter doping concentration and good hole mobility were obtained. Low
sheet resistance and contact resistance were also obtained in transmission line method (TLM)
structure [25]. WSe> channel Transistor was fabricated and analyzed. Although the simulation
study shows that 2D materials can’t deliver comparable on current than silicon based thin body
devices such as FINFET and SOI devices [26], the high doping and good mobility achieved by
co-sputtering process can still make WSe> a potential channel material in thin film transistor for

back-end applications.

1.3 Organization

The dissertation is organized as following chapters:



In chapter 1, the overview and background knowledge of the dissertation is provided. The

importance of channel engineering is emphasized.

In chapter 2, The TCAD simulation tools are calibrated to 14nm-node SOI and FinFET
experimental data to capture the needed physics in short channel regime. The graded channel
concept by using different electron affinities materials in channel region is proposed to improve
analog performance at 14nm-node. It shows higher gm, Rout and intrinsic gain by improving the
carrier transport and short channel effect in terms of DIBL. Optimization of the graded channel is

also discussed.

In chapter 3, the physics of deeply retrograde device is investigated by TCAD simulation
and show the reason why it can deliver higher drain current, suppress the short channel effect in
terms of lower drain-induced-barrier-lowering (DIBL) and lower Vn variability compared to the
halo device at Lec=29nm. It is also found out that it has higher gm, Rout and intrinsic gain due to
higher mobility and lower DIBL. The device performance of DRCP device is also compared

with bulk, SOl and FinFET to show the capability of DRCP device.

In chapter 4, Preparation and material characterization of WSe; by using W:Ta co-sputtering
doping technique and post selenization synthesis are discussed. WSe, was then used as channel
materials for MESFET and TLM fabrication. The TLM measurement results show low sheet
resistance and contact resistance when contact with palladium and MESFET’s extraction results

show high p-type doping concentration and good hole mobility.

In chapter 5, the conclusion of the dissertation is summarized and the future work is

proposed.



Chapter 2

Graded channel for improved analog performance

2.1 Introduction

Shrinking down body thickness is a straightforward idea to achieve thin body such as
FinFET and SOI and FinFET has been adopted as one of the major devices by industries for
digital applications since it can deliver higher current per footprint [5,6]. Although FinFET and
SOI shows comparable digital performance [5,27], the comparison of the transfer characteristics
and gm versus bias current for FinFET and SOI shows that FInFET actually has 36% lower Ion
and 40% lower gm compared to SOI device if the drain current is normalized to real channel
width (2*fin height + channel width) instead of the fin pitch at 20nm channel length as shown in
Fig. 2.1. This degradation is believed to be due to both the worse carrier transport from lower

channel mobility and larger source/drain parasitic resistance.
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Fig. 2.1 Comparison of drain current and transconductance for FINFET and SOI devices at
20nm channel length
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Fig. 2.2 compares the measured results of gm versus channel length for FInFET and planar
bulk MOSFET. The gm of FINFET is 20% lower than planar bulk MOSFET at Ver=0.2V,
Vps=1V and larger gm degradation is expected with larger gate bias because of parasitic

resistance [7].

{-o-FinFET
(-=-Planar

250} -+ ,_ i
0 VasVpt02V, pg=10V. - 7
100 1000
L [nm]
gate

Fig. 2.2 Transconductance versus channel length for FinFET and planar bulk MOSFET

Fig. 2.3 shows the intrinsic gain and fr versus channel length for bulk device, SOI device
and FinFET. [4-7, 28-34] It shows that the intrinsic gain of FInFET is around twice larger than
SOl and bulk device despite of lower gmat 20nm Lg, which implies that FInFET has much higher
(more than twice) output resistance than bulk device and SOI device. This suggests that the
electrostatic control and short channel effect suppression of FInFET is better than both bulk
device and SOI device since Rout is related to drain-induced-barrier-lowering (DIBL) and channel
length modulation (CLM). On the other hand, the fr of FInFET’s is only 60% of the bulk device
and SOI device. (~150GHz versus 250GHz and 300GHz at 20nm regime) This indicates that

FinFET not only has lower gm, but also larger intrinsic parasitic capacitance compared to bulk



device and SOI device [35]. In order to address this issue and make FinFET suitable for SOC
applications, novel device design or different material system need to be proposed. In this
chapter, TCAD simulation tools are calibrated to 14nm-node SOI and FinFET experimental data
to catch the necessary physics in short channel regime. The graded channel concept is then
proposed and optimized to improve FinFET’s carrier transport and analog/RF performance such

as gm, output resistance (Rout), intrinsic gain, and fr.
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Fig. 2.3 Intrinsic gain and cut-off frequency versus channel length for SOI device, bulk
device and FinFET

2.2 Simulation Calibration

The TCAD simulation tool is used to investigate and compare the analog performance of
different devices before proposing any solution [36]. However, simulation tools can’t provide
convincing results without calibration. Therefore, it is calibrated to experimental data before any
investigations. It is calibrated to the state-of-the-art experimental data from major foundries such

as Intel and IBM and the relevant device parameters are listed in Table 2.1. [5,27] Those device



parameters that are required but not specifically shown in the literature such as source/drain
contact resistances, doping gradient and doping levels are chosen from other published literature
and ITRS report [3,4,17,28,30,37]. Graded channel concept involves in modifying the carrier
velocity and density profiles along the channel and therefore catch the necessary physics for
velocity profile is important to demonstrate the graded channel concept. The Monte Carlo
simulation is not used here since it needs many input parameters such as mean free paths and
collision cross-sections for electron and hole and might lead to wrong simulation results if some
of them are not correct [38]. Hydrodynamic model is not adopted either since the energy balance
model can’t be solved correctly without accurate input parameters for mean free path and
interfaces [39,40]. In order to capture the velocity overshoot phenomenon, which may have
positive effect in short channel regime, saturation velocity is calibrated with drift-diffusion
transport model to provide the reasonable results while maintain computational efficiency
[41,42]. Additional mobility model is also included in the mobility model to account for the
mobility degradation phenomenon due to the thickness fluctuation in thin silicon body [43].
Quantum confinement of the carriers due to the thin body is considered by using calibrated
density gradient model [44]. Fig. 2.4 shows the simulation and experimental structures and Fig.
2.5 is the calibration results for FInFET and SOI devices [5,27]. Not only the transfer
characteristics and output characteristics of FINFET fit to experimental data within 5% error but
also It also fits to SOI experimental data. It indicates that the simulation results produced by
calibrated TCAD simulation tools can reproduce convincing data both for FInNFET and SOI
device with single set of models, which means the calibrated simulation tool is robust and can

apply to different devices in short channel length (Le=20nm). It is also accurate enough (<5%

10



difference) for us to further investigate analog performance even for second order analog

performances like linearity.

Device parameters - Device parameters m

Channel length (nm) Channel length (nm) 20
Fin height (nm) 42 Body thickness (nm) 5
Fin width (nm) 8 BOX thickness (nm) 20
Fin pitch (nm) 42 Gate oxide thickness (nm) 0.67
Gate oxide thickness (nm) 0.9 Spacer length (nm) 5

Table 2.1 Device parameters from literatures for calibration
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Fig. 2.5 Calibration of simulation results to experimental data for (a) FInFET and (b) SOI
device

2.3 Device structure and concept

2.3.1 Simulation setup and device structure

In digital applications, FInFET with tall fin height is widely adopted as one of the main
devices for 20nm and beyond. In order to mimic such FinFET structure (high aspect ratio) while
maintaining computational efficiency, double gate structure is chosen for simulation. Device
simulation employed the calibrated TCAD simulation tools mentioned in previous section.
Device parameters are based on ITRS report and experimental data [37,5]. Fig. 2.6 shows the
proposed simulated structure which is consist of two materials with different electron affinities
along the channel. Silicon with smaller electron affinity (4.05eV) is close to source side and
tensile strained silicon with larger electron affinity (4.22eV) is close to drain side. This results in

a large threshold voltage close to source side and a small threshold voltage close to drain side.
12



When this device is turned on at saturation regime, it will induce more uniform inversion charge
distribution along the channel than pure silicon device (homojunction device). Therefore, it will
cause the redistribution of lateral electric field, which enhance electric field at the source side
and reduce electric field at drain side compared to homojunction device. The reduced electric
field at drain side can suppress channel length modulation and therefore increase the Rout. The
increased electric field at source side can enhance the transport of injected carriers, which results
in higher gm. [45-47] The improvement of both gm and Rout then leads to improved intrinsic gain

as will indicated in the following section.
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Fig. 2.6 Simulated structure of double gate graded channel device and the electron affinity
changes along the channel

2.3.2 Device theory
The idea of graded channel is to make the electron density and electron velocity distribution

along the channel more uniform than homojunction device. Fig. 2.7 shows the comparison of

13



graded channel device and the homojunction device for these distributions. It shows that the
graded channel device has more uniform electron density and electron velocity distributions than
homojunction device. This uniform distribution makes the lateral electric field to redistribute,
which results in increases of the electric field at source side and decreases of the electric field at
drain side as shown in Fig. 2.8. Higher electric field at the source side will induce higher carrier
velocity at the beginning of the channel, which translate to higher injection velocity. Lower
electric field at the drain side will reduce the channel length modulation (CLM) and results in

better output resistance [45-47].
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Fig. 2.7 Carrier density and velocity distribution along the channel for graded channel
device and homo junction device
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Fig. 2.8 Lateral electric field distribution along the channel for graded channel device and

homo junction device
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It is well known that, as channel decreases, the potential in drain side will pull down the
barrier and induce diffusion current and lower threshold voltage. This phenomenon is called
DIBL. In graded channel device, the smaller affinity close to source side results in higher
threshold voltage. This difference of the electron affinity and threshold voltage will screen the
penetration of electric field from the drain side and reduce the diffusion current and lower drain-
induced-barrier-lowering (DIBL). Lower DIBL will then increase output resistance. Fig. 2.9
shows the conduction band distribution along the channel in subthreshold regime for graded
channel and homojunction device. It shows that the graded channel device has smaller barrier

height changes than homojunction device [48].
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Fig. 2.9 Conduction band profiles along the channel for graded channel device and homo
junction device

2.4 Simulation studies
2.4.1 Enhanced carrier transport

Fig. 2.10 shows the transfer characteristics and output characteristics for graded channel

device and homojunction device. The graded channel device shows higher drain current device
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although graded channel device has slightly higher substhreshold swing (~2mV/dec difference).
Fig. 2.11 shows the transconductance of graded channel device and homojunction device versus
bias current. The transconductance of graded channel device is higher than homojunction by 5%.
This is due to the redistribution of the carriers along the channel as mentioned in Fig. 2.7, which
results in enhanced electric field and increased injection velocity in the source side as in Fig. 2.8.
Fig. 2.11 also shows that graded channel device has larger gm/lon than homojunction device,
which makes graded channel device a more efficient device (gm/lon is @ measure of the speed-to-
power-dissipation [49]). The small amount of improvement on transconductance is due to the
large parasitic resistance of FINFET at source/drain region compared to bulk device as shown in
Fig. 2.12 [7,72]. In order to gain more improvement on transconductance, source/drain resistance

need to be lowered and the co-optimization of the graded channel along with source/drain region

IS needed.
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Fig. 2.10 Transfer characteristics and output characteristics for graded channel device and
homojunction device

16



4.2 L L] T

= Homojunction
4.01 — Graded Channel
Vp=1V

g}ﬂ' (InSi‘wn)

3.2 L L] T T
600 800 1000 1200 1400

I (MA/pm)
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Fig. 2.12 The transconductance vs. drain current for bulk device and FINnFET
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2.4.2 Improved output resistance

The ouput resistance of MOSFET is affected by CLM and DIBL. And the graded channel
device can improves DIBL by screening the electric field from the drain side as mentioned in Fig.
2.9. Fig. 2.13 shows the output resistance of graded channel device and homojunction device
versus different bias current. It shows that the graded channel device can have substantially
better output resistance than homojunction device. (~65%) This is because the graded channel
device can suppress the DIBL and improves the output resistance. Fig. 2.14 shows the intrinsic
gain comparisons of graded channel device and homojunction device. It shows that the graded
channel device has much higher intrinsic gain (75% higher) than homojunction device. This is

due to the improvement from both transconductance and output resistance.
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Fig. 2.13 Output resistance of graded channel and homojunction devices
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Fig. 2.14 Intrinsic gain of graded channel and homojunction devices

2.4.3 Other device performance

Other second order analog device performances like the cut-off frequency and linearity are
also examined for graded channel device and homojunction device. Fig. 2.15 shows that both of
the performances for graded channel device are similar to homojunction device. This is due to
the gm improvement is small (~5%) and the cut-off frequency and linearity are directly related to
gm. To improve fr and linearity, gm improvement is needed and therefore lower source/drain
resistance is required as described in section 2.4.1. In order to further improve these analog

performances, co-optimization of graded channel and lower parasitic resistance is needed.
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Fig. 2.15 Cut-off frequency and linearity of graded channel and homojunction devices

2.4.4 Graded channel device with various electron affinities

Since graded channel device can improves device performance by chaning the electron
affinity, one might think that increases the electron affinity difference will provide more
improvement. Fig. 2.16 shows the transconductance for graded channel device with different
electron affinities. The results show that the the transconductance increases with higher electron
affinity difference. However, the saturation of transconductance is observed. This is due to the
reason that the inversion charges close to source side is decreasing when the electron affinity
difference is increasing. Therefore, the improvement of transconductance saturates.

Fig. 2.17 shows the output resistance of graded channel device with various electron
affinities. It can be seen that, at first, the improvement of output resistance increases with

electron affinity difference increases, but the improvement starts to decrasing after the electron
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affinities reaches an optimal value. When the electron affinity difference increases, the carriers
become more uniform. However, it also affects the pinch-off region, which in turn affects output
resistance. Therefore, there is an optimal point for output resistance improvement. This optimal

point may varies for different channel length.
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Fig. 2.16 Transconductance of graded channel device with various electron affinities
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Fig. 2.17 Output resistance of graded channel device with various electron affinities
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2.4.5 Graded channel device with different junction locations

The other design space of graded channel device is where does the junction locate. Fig. 2.18
shows the transconductance for graded channel device with different junction positions. (7nm
means the junction is 7nm away from source, 10nm refers to the middle of the channel and 15nm
refers to the junction is closer to drain) It shows that there is an optimum point for
transconductance improvement. As the junction is closer to the source, the improvement of
enhanced electric field and carrier velocity is significant. However, the junction itself purturbs
the build-in electric field between source and channel and results in worse subthreshold wing and
the transcondictance degradation. As the junction moves toward drain, the electric field
enhancement is far away from source and contributes less to the injection carriers. Therefore,
there is an optimal point regarding to the junction location for the improvement of

transconductance [48].
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Fig. 2.18 Transconductance of graded channel device with different junction positions
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Fig. 2.19 shows the output resistance for graded channel device with different junction
location. As mentioned previously in the section 2.3.2, the graded channel device improves
output resistance by decreasing the DIBL. As the junction is closer to drain side, the output
resistance decreases. This is due to the fact that, as the junction moves toward the drain, the
conduction band profile is becoming similar to the homojunction device, which makes the DIBL

improvement smaller. Therefore, the improvement of output resistance is smaller when the

junction is closer to drain [48].
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Fig. 2.19 Output resistance of graded channel device with different junction positions

2.5 Summary

In this chapter, TCAD simulation tools were calibrated to 14nm-node SOI and FinFET
experimental data to capture the physics needed in short channel regime. Graded channel device
with different electron affinities along the channel is then proposed and optimized. With proper
design, graded channel device shows 5% improved gm, 65% improved Rout and total 75%

improved intrinsic gain compared to homojunction device in Lg=20nm regime. The
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improvement is due to the redistribution of carriers and velocity along the channel, which results
in enhanced electric field and increased injection velocity close to source side, and reduced
electric field and decreased DIBL close to the drain side. This contributes to higher

transconductance and output resistance and results in higher intrinsic gain.
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Chapter 3

Deeply retrograde channel doping profile for improved
digital performance

3.1 Introduction

In addition to thin down body thickness to achieve thin body like SOI and FinFET, there are
other means to achieve it and deeply retrograde channel doping (DRCP) on bulk device is one of
them. This doping profile can be properly designed such that the bulk device behaves like thin
body device by reducing the short channel effect. While long channel DRCP devices was found
to have lower drain current due to larger body factor in spite of the higher surface mobility
[8,20,21], the DRCP device shows attractive characteristics in the sub 45nm regime [15,18,19].
However, the different characteristics between the reported long channel vs. short channel DRCP
devices have not been well-understood in publications. In this chapter, the device physics,
performance and optimization of deeply scaled MOSFETs with DRCP compared to devices with
halo source drain (HSD) is investigated in detail by TCAD simulation. Our TCAD results
revealed the origin of the superior DRCP short channel device (Lc=29nm), including the
improved lon/loff (12% higher lon and17% higher It at a fixed lost of 20nA/um), 35% reduction in
DIBL and 57% improvement in Vry variability. The 14% higher transconductance and 40%
higher output resistance also leads to 60% higher intrinsic gain and makes it attractive for SOC
applications. Moreover, DRCP device is also compared with FINFET and SOI to show the

capability of the DRCP device in short channel regime.
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3.2 Device structure and concept

The ideal deeply retrograde channel profile consists of low surface doping and high
retrograde doping as shown in Fig. 3.1. By properly design, the depletion region will only extend
to the edge of the high retrograde doping and makes it a thin body like device. Fig. 3.2 shows the
sharpest channel doping profile that can be achieved in experiment and it is 3.3nm/dec over two

decades of doping changes [50,51].
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Fig. 3.1 Deeply retrograde channel doping profile
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Fig. 3.2 Realistic doping profiles for deeply retrograde channel profile
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In long channel, deeply retrograde MOSFET showed lower drain current and larger SS due
to large body factor despite the higher surface mobility as can be seen in Fig. 3.3. [8,20,21]
However, it showed higher Ip and left in short channel due to the higher channel mobility in Fig.
3.4 [18]. This is due to the lon is limited mainly by velocity saturation rather than carrier pinch-
off near the drain, which will be addressed in details in the following sections. Therefore, unlike

the long channel case, the backgating factor has only small effect on Vpsar, as shown in Fig. 3.5.
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Fig.3.5 Vpsar and SS v.s. 1/L for two channel profiles

3.3 Simulation results
3.3.1 Simulation methodology and simulated device structures

In order to examine the physics of DRCP closely, device simulations were performed by
using Sentaurus TCAD simulation software [36]. The simulation includes drift-diffusion
transport, bandgap narrowing effect, and doping dependent, vertical field dependent and high
field saturation model for mobility model. The drift-diffusion model was used for simplicity
reason. The quantum-mechanical (QM) model was not included since it was estimated and found
out it is not too critical in terms of comparing two devices. One might argue that DRCP device
with thin low doping layer behaves like a quantum well, and therefore QM model is needed.
However, the thinnest layer we are investigating in this chapter is 8nm, which QM effect is not
too important. [44] The device structural parameters are from either ITRS or experimental data

and the simulation was calibrated to experiment before simulation [37,15].
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The Vn variability simulation was done by impedance field method (IFM) approach [52,53].
IFM is an efficient way to evaluate the variability since it involves AC simulation and only need
to simulate one device instead of many devices and calculate the mean and the standard
deviation. It is based on linear response theory using Green’s function technique and provides a
faster and accurate alternative for statistical variability analysis. One more thing need to be
mentioned about the variability simulation is, only RDF is included as the variability source and
other sources are not considered. This is because the main source of V4 variability in 45nm is
RDF and DRCP offers low channel doping and therefore lower RDF compared to conventional

device.

The DRCP device was investigated by comparing it with conventional bulk device (halo
device). Fig. 3.6 shows the device structures for the two different channel profiles. One is DRCP
device and the other one is conventional device with halo source drain. (HSD) For understanding
physics purpose, abrupt junction and doping profiles (BOX-like) are assumed for both devices.
The vertical channel doping profiles for the DRCP and HSD devices are shown in Fig. 3.7. They
are considered to be practical case and optimized in terms of digital performance (lon/lof,
subthreshold swing (SS), drain-induced-barrier-lowering (DIBL), and Vtu variability) by
changing the halo and retrograde charge/dose as shown in Fig. 3.8 and 3.9. The halo charge was
chosen to be 1x10%%cm2 since it has overall optimal device characteristics (lowest SS, good
lon/lott, low DIBL, and small Vw1 variability). The optimal deeply retrograde charge was found to
be 2x10%3cm2, which happens to be the minimum amount to ensure the depletion width does not

extend beyond the high doping layer.
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3.3.2 Improved digital performance

Fig. 3.10 (a) shows the output characteristics of the two devices with Lc=29nm. It is
apparent that the DRCP transistor shows much more ideal-like behavior than HSD. The digital
device performances for the two devices are extracted out and listed in Table 3.1. The DRCP has
12% higher lon/loft, 17% higher lesr, 35% lower DIBL, and a small 3mV/dec higher SS. Unlike the
longer channel case, DRCP has improved lon due to higher channel mobility even though it has
larger backgating factor. The difference is that in scaled device, lon is limited mainly by velocity
saturation rather than carrier pinch-off near the drain. Therefore, unlike the long channel case,
the backgating factor has only small effect on Vpsar, as can be seen in Fig. 3.10 (b). ler, which is
defined to be (In+I.)/2 with 4 is the Ips when Ves=Vop and Vps=Vpp/2, and I, is the Ips when
Ves=Vop/2 and Vps=Vop, is known to be a better matrix for gate delay [54]. Due to the higher
output resistance resulting from improved DIBL, DRCP device has larger improvement in left
than lon compared to HSD device, further indicating the advantage of scaled transistors with
DRCP.

The DIBL improvement of DRCP can be explained by Fig. 3.11. It shows the DRCP can
diverge the lateral electric field from drain side to the high retrograde doping layer, in addition to
providing charges to reduce the drain side electric-field as in the case of HSD. Therefore, DRCP
is more effective in minimizing drain junction’s influence on the virtual cathode. As a result, the
device with DRCP is more effective in suppressing SCE than HSD device. Fig. 3.12 shows the
DRCP has smaller A¢ (¢ is the diffusion barrier) compared to HSD when Vps increases from 0.1

to 1V. This translates to a DIBL improvement of 35%.
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Fig. 3.10 (a) Output characteristics of DRCP and HSD device (b) The Vpsar and SS difference vs

channel length for two doping profiles

Halo Deeply Improvement by
retrograde | deeply retrograde

Low/Logy 1.02x10° 1.15x10° +12.7%
Ly (A/um) | 5.62x10* 6.59x103 | +17.2%
DIBL 68.8 44.4 -35%
(mV/V)
SS 78.4 81.8 +3.4mV/dec
(mV/dec)

Table 3.1 Digital device performance comparison for deeply retrograde and halo devices
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Fig. 3.11 The 2-D electric field distribution with arrows to pointing the direction of electric field

for halo and deeply retrograde channel profiles inside the channel region
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Fig. 3.12 The conduction band edge comparison of the deeply retrograde and halo channel

profile inside the channel region for Vp=1V and 0.1V
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3.3.3 Improved threshold voltage variability

The variability makes the system more power consuming, degrade system speed and cause
low noise margin. The Vru variability sources include random dopant fluctuation (RDF), line
edge roughness (LER), gate edge roughness (GER) and interface trapped charge (ITC) and the
main origin of the Vry variability is RDF in 45nm technology node for planar device. [16,55]
The origin of the RDF is due to the variation in number and position of dopant atoms in the
transistor channel. These obstacles can be minimized by adopting novel device structures such as
FDSOI or FInFET in scaled MOSFET as shown in Fig. 3.13 [3,17,56]. However, these solutions

are more expensive and complicated compared to planar bulk MOSFETSs.
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Fig. 3.13 Vry variability by adapting 3D and FDSOI device structures

To first order, DRCP device can improves variability by lower the surface doping
concentration compared to conventional device. The empirical model indicates that the

relationship between V14 variability and doping concentration is [57]:
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where tox is effective oxide thickness, Na is channel doping concentration, Lefr is channel

oVy =3.19x108x

length and Wess is channel width, all dimensions are in centimeters. Simulation was done to
verified this and the results shows that DRCP has Ayt of 0.435mV*um and HSD device has
ImV*um, which suggesting 57% lower Avt. The low Ayt compared to the experimental data
[58,59] is due to two reasons: 1. the ideal BOX-like profile used in simulation, 2. the simulation
only considers RDF as the variability source. RDF is ~60% of the overall Vtn variability in
45nm node [16]. Adding these two effects up makes the simulated Ayt comparable to
experimental results as shown in Fig. 3.14. Gaussian profiles with different standard deviation in
Fig. 3.15 were also simulated to examine the impact of the doping profile sharpness (non-ideal
BOX-like doping profile). As expected, the higher the standard deviation (that is, profile which
is less deeply retrograde), the higher the Avt and the Ayt of DRCP will behaves like HSD device
since the channel doping profile is more or less uniform as shown in Fig. 3.16.

Simulation of devices with different retrograde and halo doping concentrations were also
performed to check how the doping level affects the variability as shown in Fig. 3.17 and 3.18.
As shown in Fig. 3.18, the V1 dependence on the retrograde doping concentration of DRCP is
much smaller than Vru dependence on channel doping of HSD. Similarly, the Vt4 of DRCP
device has only weak dependence on the retrograde profile depth. These results correlate well

with the results of Ayt and indicate that the DRCP has intrinsically better variability immunity.
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3.3.4 Improved analog performance

Besides digital performance, the analog performance of DRCP and HSD are also compared
to investigate whether DRCP can be applied for SOC applications. For analog applications,
transistors are typically biased at small Ips for good dynamic range. Fig. 3.19 shows that at a
fixed Ips of 200pA/um, due to the higher channel mobility, DRCP device has 14% higher gm
compared to the HSD device. Note that while lon benefit from high g, it is ultimately limited by
Vsat SO such ~15% improvement may not be maintained in high drain current regime. At low Ips
(small Vg-VT), Vsat is not the limiting factor. Ips and therefore gm at small Vs-V1 are basically
determined by ., and show bigger improvements compared to lon. The DRCP also has improved
gate control (i.e. reduced SCE) which also contributes to higher gm. In long channel transistors,
the Rout is determined by the channel length modulation (CLM). For scaled devices, both CLM
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and DIBL contribute to Rout. While long channel MOSFETSs with deeply DRCP has worse CLM
due to the larger backgating factor, this is not the case for scaled devices as evident in almost
identical SS for both doping profiles as shown in the 3.3.2 section. On the other hand, scaled
devices with DRCP have 35% smaller DIBL, which is responsible for the Rout improvement as
shown in Table 3.1. Due to both the improvement from gm and Rout, DRCP device has a
significant higher intrinsic gain (gm*Rout) of 60% compared to the HSD device, especially when

the biasing current, Ips, is small as shown in Fig. 3.20.

1.8— : : : 37 - -
—=HSD
16} 24
_— 21t
i 1‘4 B E 18 L.
=~ ~— I
E 12 ‘:5 15
) - HSD 12 |
£ 10} —DRCP I
off 9
?:D5=11; " 6

100pA 200ps 300LA  400LA

3 4
100pA 200pA 300pA 400pA .
Bias Current

Bias Current

Fig. 3.19 The gm and Rout Vs bias current for deeply retrograde and halo channel profiles.
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3.3.5 Comparisons of DRCP device, conventional bulk device, SOl and FInFET

DRCP device has shown improved digital and analog performances (higher lon/lott, higher less,
lower DIBL, lower variability, higher gm, higher Rout and higher intrinsic gain) compared to halo
device at Le=29nm. It is also cheaper and less complicated in manufacturing aspect compared to
SOI and FIinFET. It is then interesting to learn whether DRCP device can outperform SOI and
FinFET, especially in short channel regime since SOl and FinFET have been adopted in
Le=20nm regime. Different device performances of DRCP device, bulk device, SOl and FinFET
are compared in this sections. The comparisons of Vry variability for DRCP device, bulk device,
SOl and FinFET are shown in Fig. 3.21 [3,5,16,18,58,59,60,61,62]. It shows that DRCP device
can deliver around 2 times lower Vry variability than conventional bulk device down to
Le=29nm and DRCP has similar variability (~Avr=1.2mV*um) as SOI and FinFET at 20nm
regime since the doping concentration of channel region in SOI and FinFET are also very low

and leads to reduced variability from RDF.
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Fig. 3.21 Vrn Variability comparisons of DRCP device, halo device, SOI device and FInFET
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The short channel effect in terms of DIBL and SS are also compared in Fig. 3.22
[3,5,26,27,63,64,65,66,67]. Basically, DRCP device has comparable DIBL and SS as SOI and
FInFET due to good short channel effect control. As for the on-current shown in Fig. 3.23
[3,5,26,27,63,64,65,66,67], DRCP device can also deliver same order of magnitude on current as
SOI and FIinFET in spite of slightly higher Vpp (1V vs. 0.7-0.9V). However, such comparable
performance is only observed down to Le=29nm since the depth of high retrograde doping
(thickness of low surface doping layer) in our simulation is 8nm and the doping difference
between high retrograde doping and low surface doping is 3.5 decades, which means ~2.3nm/dec
is required to realize such channel doping profile. The sharpest doping profile in today’s
technology is 3.3nm [51] and sharper doping profile is needed to maintain the DRCP device’s
short channel effect (DIBL and SS) and on current as compared to SOl and FInNFET when

channel length decreases.
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Fig. 3.22 DIBL and SS comparisons of DRCP device, halo device, SOI device and FInNFET
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Fig. 3.23 On current comparisons of DRCP device, halo device, SOI device and FinFET

3.4 Summary

In this chapter, the physics and advantages of scaled planar MOSFETs with DRCP was
examined in detail. It was shown that this device has substantial performance advantages
compared to HSD MOSFETSs. In terms of digital applications, ideal DRCP devices have 12%
higher lon/lofr, 17% higher letr, 35% lower DIBL, and 57% lower V4 variability at a fixed loff of
10nA/um. This is due to the better SCE control, higher channel mobility and lower doping
concentration in the channel. As for the analog performance, it has 14% higher transconductance
and ~40% higher output resistance, which results in 60% higher intrinsic gain. These results
indicate DRCP is a promising choice for analog/SOC and high performance digital applications
down to Le=29nm. The DRCP device is also compared with conventional bulk device, SOI and
FIinFET to show the capabilities. It shows that the DRCP device has comparable Ay, DIBL, SS
and on-current down to 29nm regime. However, it needs sharper doping gradient to maintain this

trend when channel length decreases.
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Chapter 4

Doped WSe;, channel field-effect transistor for back end
applications

4.1 Introduction

Using two dimensional (2D) materials such as transition metal di-chalcogenides (TMDs) as
channel material is another approach to form thin body transistor. TMDs were recently
investigated to exploit their advantages such as better electrostatic control and potential superior
transport properties for field effect transistor fabrication [9,22,23,24]. It is expected that it can
provide higher on-current due to the improved short channel effect from the ultra-thin body.
Nonetheless, device simulation based on drift-diffusion model shows that MoS; channel
transistor can’t deliver comparable on-current as other thin body transistors like FINFET and SOI
down to 10nm regime, though it shows better short channel effect such as smaller DIBL and SS
as shown in Fig. 4.1 and Fig. 4.2. Moreover, the on-current can’t be further improved by higher

mobility since it is limited by the saturation velocity as shown in Fig. 4.3 [26].
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Fig. 4.1 On current comparisons of MoSz channel FET, SOI device and FInFET
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However, WSe> may have better performance than MoS since it is not investigated
completely like MoS2. Among these 2D materials, WSe> is also particularly attractive since it
can be used as p-FET and makes the CMOS operation feasible [10]. However, lack of reliable
doping technique makes the precise doping of the WSe> very difficult to achieve [10,11]. In this
chapter, WSe, doped by controllable W:Ta co-sputtering process and synthesized by post
selenization is investigated. Material preparation and characterization of WSe; are discussed.
Using this technique, high accepter doping concentration (Na=6x10%cm?) and good hole
mobility (=16.5cm?/Vs) were extracted from MESFET transfer curve. Low sheet resistance
(17k€/sq) and contact resistance (11.4kQ-um) were obtained by using palladium metal in
transmission line method (TLM) structure. Although the simulation study shows that 2D
materials like MoS; can’t deliver comparable on current than silicon based thin body devices
such as FInFET and SOI devices, the high doping and good mobility achieved by co-sputtering
process and post selenization can still make WSe; a potential channel material in thin film

transistor for back-end applications.

4.2 \WWSe; thin film preparation and material characterization
4.2.1 WSez thin film preparation

There are many different ways to prepare WSe> thin film for transistor fabrication like
mechanical exfoliated, and CVD related synthesis [23,68,69]. Among these methods, CVD
related synthesis is more feasible for VLSI applications due to the non-controllable position and
thickness produced by exfoliated method. Therefore, CVD-like synthesis by using post

selenization is chosen to prepare the WSe> film in this chapter. In addition, WSe, was doped by
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W:Ta co-sputtering process since the doped WSe: film is essential to lower source/drain contact

resistance and enable the CMOS operation.

The following Fig. 4.4 shows the preparation flow of the doped WSe thin film. First, W and
Ta were co-sputtered to deposit thin film on top of the SiO; film (90nm SiO; is chosen so that
WSe> can be observed under optical microscope). The p-type doping concentration in the film
can be controlled by the sputter power ratio of the W and Ta. Second, selenization was done at
750°C-800°C by using 15% H,Se as precursor in furnace. The H.Se serve as the selenization
source to form WSe, and the selenization process can be optimized by tuning the HjSe
concentration and furnace temperature to obtain WSe> with good quality.

Selenization process Blanket P-type Doped
750~800°C with 15% H,Se WSe, thin film

RN NEE

W:Ta Co-sputter process

»

P*Si P+ Si P*Si

»

Fig. 4.4 Preparation flow of WSe; thin film prepared by W:Ta co-sputtering process and
post selenization process

4.2.2 Material characterization of WSe2 film

Different material characterizations were used to analyze the composition and the film
structure of the films, as shown in Fig. 4.5 Raman spectroscopy with 532nm wavelength was
used to check the existence and thickness of the WSe,. A typical Raman spectrum for WSe; is

observed after co-sputtering process and it closely matches the experimental data for bulk WSe;
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[70]. XRD analysis shows that there is a c-axis prefer-oriented (002) peak without peak shift.
TEM picture show that the thickness is ~14nm after selenization. XPS analysis is also conducted
with only W-Se and Ta-Se bond signals detected, which suggests that substitution between
dopant Ta and W atom are achieved during the co-sputtering process. Hall measurement is
employed to estimate p-type doping concentration and hole mobility — around ~10%cm and

around ~10 cm?/Vs were measured, suggesting that WSe is highly p-doped after preparation.
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Fig. 4.5 Raman spectrum, XRD analysis and TEM picture after the WSe; preparation
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4.3 Contact resistance and sheet resistance measured by TLM structure
4.3.1 TLM fabrication process

In order to lower the source/drain contact resistance for transistor operation, TLM structure
is used to measure the contact resistance and sheet resistance. Since the doped WSe; film is p-
type, palladium which has large work function (~5.12eV) is used as contact metal. The following
is a table (Table 4.1) depicts the process flow of the TLM structure fabrication and the Fig. 4.6 is

the layout for TLM structure. The contact length of the layout is 20um and the width is 20um.

Process flow steps Description/details
Starting materials 14nm WSe2/90nm SiO2/p-type silicon wafer
S/D formation Image reversal lithography
+ deposit 40nm Pd/80nm Au as S/D pad + lift off
Active area definition Lithography + SF6 etch 150W 30s + strip PR

Table 4.1 Process flow of TLM structure
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Fig. 4.6 TLM structure mask pattern
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4.3.2 The characteristics of TLM structure

Fig. 4.7 shows the characteristics of Pd/WSe, TLM structure. Large current level (15pA/um
at Vp=1V and channel length=2um) was obtained and the current voltage curves are very linear
for TLM structures with different length. The contact resistance and sheet resistance were
extracted out to be 11.4kQ-um and 17kQ/sq from resistance versus length relationship based on
TLM model. This results are compared with other WSe; literatures published recently and found
out that they are comparable or better [23]. In order to have a rough idea of how much p-type
doping concentration is achieved by using co-sputtering process, back envelope calculation is
used. The calculation results show that the doping concentration would be 1x10%cm? if
assuming mobility as 10cm?/Vs and such doping is very high even compared to silicon case.
Such high p-type doping concentration in WSe, implies why the contact resistance and sheet
resistance is low and suitable for FET operations. However, it also serves as an evidence to

explain why the MESFET can’t be completely turned off as will be shown in the next section.
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Fig. 4.7 TLM characteristics of Pd/p-type doped WSe:
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4.4 Fabrication and characteristics of WSe, MESFET

4.4.1 WSe, MESFET fabrication

After the analysis of TLM, WSe> was used as channel material for MESFET fabrication to
examine the device performance. MESFET was chosen since the metal/WSe; interface quality
might be better than dielectric/WSe> interface quality and provide better gate modulation.
Another advantage of MESFET is that it is easier to fabricate than MOSFET and provide faster
feedback. The table 4.2 depicts the process flow of the MESFET fabrication. It makes the device
fabrication free from transfer process with WSe; sits on top of the SiO>. Source/drain palladium
metal was deposited before etching WSe: film to ensure the large contact area. Aluminum metal
was chosen to be the gate metal to form large barrier between Al/WSe; and ensure the low gate

leakage current.

Process flow steps Description/details
Starting materials 14nm WSe2/90nm SiO2/p-type silicon wafer
Source/Drain definition Image reversal lithography with PR AZ-5214-E
Source/Drain deposition E beam evaporation 40nm Pd/80nm Au
Source/Drain formation Strip PR by lift-off using acetone
Active area definition Lithography with PR AZ-5214-E
Remove mask Strip PR with acetone
Gate definition Image reversal lithography with PR AZ-5214-E
Gate deposition E beam evaporation 120nm Al
Gate formation Strip PR by lift-off using acetone

Table 4.2 Process flow of MESFET structure
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Fig. 4.8 Device structure for MESFET

4.4.2 Characteristics of WSe2 MESFET

The transfer curve and output curves of MESFET are shown in Fig. 4.9 and Fig. 4.10. It
clearly displays p-type behavior with large on-current (6pA/um at Vp=1V and channel
length=6um) and very linear output behaviors. It is worth noting that the device cannot be turned
off completely, implying that the depletion width cannot extend to the whole WSe; film due to
extremely high doping concentration. In Fig. 4.11, back gate bias is also applied to provide more
gate modulation but it only changes drain current by less than 2%, which implies that the doping
of the WSe: is very high. In order to verify this and compare with the TLM measurement results,
the p-type doping concentration (Na) and mobility () are extracted from the MESFET’s
transfer characteristics at Vp=0.1V by using transconductance method. W is channel width and L
is gate length. The underlap resistance (Ru) of MESFET is calculated by assuming

Vo/lo=Rch+2Ru. The slope of the Ip-Vg, given by Ren=(1/qpNa)x(L/W(14nm-Wp)) where W =
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\/ZEWSeZ(Vbi + Vis)/qN, is used to obtain the Na and . The relative permittivity ewse> IS

assumed to be 4.5 based on [71]. The build-in potential Vy; is calculated to be 0.85eV by
assuming the electron affinity of WSe, and work function of Al to be 3.9eV and 4.05eV, and the
bandgap of WSe> is 1eV since 14nm WSe; is considered to be similar to bulk WSe, [70]. The

calculated values of Na and 1, are 6x103cm and 16.5cm?/Vs, respectively. It shows that WSe;

is heavily p-type doped and it also agrees with Hall measurement results in 4.2 section.

There is a discrepancy between the sheet resistance measurement results from TLM
(17kQ/sq) and the calculation results from transistor’s results (6.3kQ/sq). It might be attributed to
the non-uniformity of the WSe; film during the co-sputtering process. Another possible reason

might be due to the influences introduced from Al metal gate on top of the WSe; film.
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Fig. 4.9 MESFET’s transfer characteristics
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4.5 Summary

In this chapter, WSe> is doped with Ta by using W:Ta co-sputtering process and synthesized
by post selenization. The material characterization is used to verify the quality of the thin film
after selenization. Typical Raman spectrum of WSe: is observed and only W-Se and Ta-Se bond
signals were detected in XPS, which suggests that the substitutional process is complete during
co-sputtering and selenization process. TLM structure is employed to check the sheet resistance
and contact resistance and shows comparable results (Rc=11.4kQ-um and Rsn=17kQ/sq) with
recent literatures. It was then used as channel material for MESFET fabrication and shows very
linear output characteristics. MESFET can not be completely turned off due to the high p-type
doping concentration in channel region. High p-type doping concentration and good hole

mobility were extracted out to be 6x10*cm2 and 16.5cm?/Vs from transconductance method.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

For FINFET (thin body transistors), the TCAD simulation tools are first calibrated to 14nm-
node SOI and FinFET experimental data to capture the needed physics in short channel regime.
Second, the graded channel concept by using different electron affinities materials in channel
region is proposed to improve analog performance at 14nm-node. It changes the carrier density
and velocity distribution along the channel and results in more uniform distributions compared to
homojunction device. Therefore, it leads to higher gm, Rout and intrinsic gain by improving the

carrier transport and short channel effect in terms of DIBL compared to homojunction device.

For bulk device with deeply retrograde doping profile (DRCP), the physics of DRCP device
is investigated by TCAD simulation and show the reason why it can deliver higher drain current,
suppress the short channel effect in terms of lower drain-induced-barrier-lowering (DIBL) and
lower Vry variability compared to the halo device at Lec=29nm. It is also found out that it has
higher gm, Rouwt and intrinsic gain due to higher mobility and lower DIBL. The device
performance of DRCP is also compared with bulk device, SOI and FIinFET to show that DRCP

can only deliver comparable performance as FinFET ans SOI down to 29nm regime.

For WSe> channel transistor, preparation, material characterization and electrical
characterization of WSe> by using W:Ta co-sputtering doping technique and post selenization
synthesis are discussed. WSe, was then used as channel materials for MESFET and TLM

fabrication. The TLM measurement results show low sheet resistance and contact resistance
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when contact with palladium and MESFET extraction results show high p-type doping

concentration and good hole mobility.

5.2 Future Work

The followings are some possible directions for further investigations:

Experiment for graded channel device: The graded channel concept can be
experimentally implemented by SiGe epitaxial growth in FInFET. The Source/drain
region of FINFET in 20nm-node is consist of SiGe wrap around silicon and it can be
the source of the SiGe growth. Design and optimize the experiment can be
investigated and compared with simulation results to verify the effectiveness of
graded channel concept. Co-optimization of the graded channel along with the
source/drain resistance reduction can also be investigated to provide more
improvement on analog performance.

Lower p-type doping concentration of the WSe:z film: It was found out in our
experiments that the p-type doping concentration in WSe> thin film doped by co-
sputtering process is very high (Na=6x10*cm2) and MESFET can’t be turned off
completely. The fine tune of the co-sputtering process and post selenization to
achieve lower p-type doping concentration is needed. In addition, design of
experiment for locally doped WSe; is also desired to realize the enhancement mode
FET.

Process integration of WSe2 FET: The on-current of WSe, channel MESFET is

large (6pA/um at Vp=1V and channel length=6um) and comparable to other
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literature but the gate modulation weak. Lower doping concentration of WSe: can
improve gate modulation but other aspects like using different gate dielectric and
surface treatments can also be investigated to lower the interface states and improves

device performance.
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