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FinFET Doping with PSG/BSG Glass Mimic doping by Ultra Low Energy Ion Implantation
Jiong Chen. Junhua Hong. Jin Zhang. and Jeff Boeker

Kingstone Semiconductor Company, Ltd., 200 Niudun Road, Building 7, Shanghai, China 201203
john.chen(@kingstonesemi.com

Process flow for glass mimic doping

+ Characteristics of glass mimic doping
+  Compatible with conventional ion beam
implantation technique
NEET fine +  Simplified process flow
+  No need for hard mask
+  Prevent amorphorization of fin

Forming photaresist an

Rs of 5i:B diffused from dielectric
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+ The impact of dielectric layer material.
- +  Similar Rs were obtained for fin top and sidewalls with the dielectric layer of SiN.
For Si02, the Rs variation is large for fin top and sidewalls.

S3-8

Simulation for the doses in dielectric layer and silicon fin
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The boron profiles for fin top and sidewalls are similar.

The surface concentration of sidewall is higher than that of fin top, which is in
accordance with Rs results.

It can be further optimized by tuning incident angle and dielectric layer thicknes:
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Solubility increases with Temp

1E+21

1E+20

With SPE Non-Equilibrium
Activation of Boron >>Bss
But Requires Amorphization!

Boron activation limited
by low Bss (Boron solid
solubility) and not by
implanted dose
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10 nm-Deep n+/p and p+/n Ge Junctions with High Activation Formed by Ion — 10%

Implantation and Flash Lamp Annealing (FLA)

H. Tanimura'. H. Kawarazaki'. K. Fuse'. M. Abe'. T. Yamada'. Y. Ono'. M. Furukawa'. A. Ueda'. S4_4
Y. Ito!, T. Aoyamal. S. Kato'. L. Kcnbayasln'1
H. Onoda’. Y. Nakashima®, T. Nagayamaz. N. Hamamoto®. S. Sakai’

'SCREEN Semiconductor Solutions Co., Ltd. 480-1 Takamiya-cho, Hikone, Shiga, 522-0292 Japan
“ Nissin Ion Equipment Co., Ltd. 575 Kuze-Tonoshiro-cho, Minami-ku, Kyoto, 601-8205 Japan
Tel: +81-749-24-8460, E-mail: tanimura (@prp.screeen.co.jp
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Fig. 2 SIMS profiles of P-doped samples.
Shallow junctions below 10nm can be achieved.
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Fig. 8 SIMS profile of p+/n junctions. The dot plots
and line plots are the profiles of pre- and post-
annealed samoles at 670 °C. respectively.
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Fig. 4 Rs-X]j plots of n+/p junctions. 10nm depths can be
obtained. By reducing knocked on oxygen, the
a&u’\mion level has been improved bv a factor of 1.5.
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Fig. 6 SIMS profiles of oxygen. The sample with PAI
has much more oxygen than the samples without PAL
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~ Ultra Shallow Junction (USJ) Formation Using Plasma assisted [ e
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Plasma Immersion Ion Implantation for Interdigitated Back Passivated ABSTRACT —  We present progress to develop low-cost

Contact (IBPC) Solar Cells

David L. Young, William Nemeth, Vincenzo LaSalvia, Matthew R. Page, San Theingi, Matthew Young,

Jeffery Aguiar, Benjamin G. Lee and Paul Stradins

National Renewable Energy Laboratory, Golden, CO, 80401, USA
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Zero yielding IBPC solar cells, said beam-line was
only 15.8% efficiency!
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Fig 1. Schematics for beam line (google image) and PIIT
implanters (IBS). (google images)
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interdigitated back comntact solar cells with pe-Si/Si0./c-Si
passivated contacts formed by plasma immersion ion
implantation (PIII). PII is a lower-cost implantation technigue
than traditional beam-line implantation due to its simpler design,
lower operating costs, and ability to run high doses (1E14 — 1E18
cm':] at low ion energies (20 eV — 10 keV). These henefits make
PIITI ideal for high throughput production of patterned
passivated contacts, where high-dose, low-energy implantations
are made into thin (20 — 200 nm) a-Si lavers instead of into the
wafer itself. For this work syvmmetric passivated confact test
structures grown on n-Cz wafers with PH; PIII doping gave
implied open circuit voltage (iV,.) wvalues of 730 mV with J,
values of 2 fA/cm’. Samples doped with B;H;gave iV, values of
690 mV and J, values of 24 fA:'tmi outperforming BF; doping,
which gave 1V, values in the 660 - 680 mV range. Samples were
further characterized by photoluminescence and SIMS depth
profiles. Imitial IBPC cell results are presented.
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Fig. 2 SIMS depth profiles for PIII as-implanted and annealed
samples. The legend indicates the implanted species, the dose
(1/em”) and implant voltage.
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Interdigitated Back Passivated Contact (IBPC) Solar
Cells Formed by Ion Implantation

David L. Young, Member, IEEE, William Nemeth, Vincenzo LaSalvia, Robert Reedy, Stephanie Essig,
Nicholas Bateman, and Paul Stradins

Interdigitated Back Passivated Contact cell (IBPC)
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Abstract—We describe work toward an interdigitated back
passivated contact (IBPC) solar cell formed by patterned ion-
implanted passivated contacts. Formation of electron and hole
passivated contacts to n-type Cz wafers using a thin SiO. layer
and ion-implanted amorphous silicon (a-Si) is described. P and B
were ion implanted into intrinsic a-Si films, forming symmetric
and IBPC test structures. The recombination parameter .J,, as
measured by a Sinton lifetime tester after thermal annealing, was
Jo ~ 2.4 fA/cm? for Si:P and J; ~ 10 fA/cm? for Si:B contacts.
The contact resistivity for the passivated contacts was found to be
0.46 ©2-cm? for the n-type contact and 0.04 Q-cm? for the p-type
contact. The IBPC solar cell test structure gave 1-sun V. values
of 682 mV and pFF = 80%. The benefits of the ion-implanted
IBPC cell structure are discussed.

Symmetric structures
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(e) Growth (f) Implantation  (g) Anneal
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Fig.2. Process flow for symmetric passivated contact test structures [(a)—(d)],

and for an IRPC tect <tructiire [(e)—(o)]
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51 FInFET based 10nm Technology with Multi Vi Gate Stack

for Low Power and High Performance Applications

e

—

e 4
|

H.-I. Cho, HS. Oh, K J. Nam, Y. H. Kim EH. Yeo, WD. Kim, ¥.5. Chung, ¥.5 Nam, 5.M. Eim, WH Eweon, M.J. Eang, LR Kim H. Fukutome,
C.W. Jecng, H.J. Shin, ¥.5. EKim, D.W. Kim 5 H Park, HS. Oh, J.H. Jeong, 5.8. Kim, D.W. Ha, T H. Park, H.5. Rhee, 5.J. Hyan, D.5. Shin,

DH. Eim HY. Eim, 5. Maeds, EH Lee, Y H Eim M.C. Kim Y.5. Eoh, B. Yoon, K. Shin, N.L Lee, 5.B. Eangh, K. H. Hwang, J.H. Les,
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Key module 10nm 14nm-2 | 14nm-1
Fin 3%gen | 2%gen | 1%gen
PC patterning | Mandrel Single photo
Epi growth 3% pen | 22¢gen | 1*gen
Contact Single Trench

Fiz. 2 Process technology comparison between
l0nmand 14nmtechnologies.
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Fig. 3 pFET contact resistance (Rc) is reduced by
1095 from 14nm to 10nm technology using contact
process optimization.
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Fig. 6 Short channel mobility of pFET and nFET.

The mobility of pFET is about 10% higher than

that of nFET.

10nm FinFET will stay with bulk Si-
channels and eS/D-stressors. No SiGe

channel.

VLSI-2016 paper 2.1
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Demonstration of a sub-0.03 um? High Density 6-T SRAM with Scaled Bulk FinFETs
for Mobile SOC Applications Beyond 10nm Node

Shien-Yang Wu, C.¥. Lin, M.C. Chiang, J.J. Liaw, J.¥Y. Cheng, C H. Chang, ¥V.5. Chang, K.H. Pan, C.H. Tsai, C.H. Yao,
T. Miyashita, ¥ K. Wu, K.C. Ting, C.H. Hsieh, R.F. Tsui, R. Chen, C.L. ¥ang, H.C. Chang, C.¥. Lee, K.5. Chen, ¥.Ku, 3. M. Jang

168, Park Ave. 2, Hsinchu Science Park, Hsinchu, Taiwan, R.O.C_, Email: shien-yang_wu@tsmc.com
Taiwan Semiconductor Manufacturing Company
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process is optimized to mitigate source/drain (S/D)
parasitic resistance. Enhanced contact process is
developed to enlarge manufacturing margin.

Fig.8 NMOS lon boost with mobility
enhancement and resistance reduction.
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FINFET Technology Featuring High Mobility SiGe Channel for 10nm and Beyond
 D. Guo, G. Karve, G. Tsutsui, K-Y Lim’, B Robizon. T. Hook. B Vega, D. L, 5. Bedell, 5. Mochizulid, F. Lie, K Akarvardar’ .
M. Wang, F_ Ba:i'r__ S. Burns, V. Chan, K Cheng, J. Demarest, I. anheiser‘._ P. Hashemi, J. I‘EEH_Y, J. Li, N. Loubet,
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D. Sadana, P. Oldiges, J. Stathis, T. Yamashita, V. Paruchuri. M. Colbum, A Knorr . R. Divakaruni, H. Bu, M. Khare
IEM Semucenductor Technelogy Research, 257 Fuller Road, Albany, NY 12203, ‘GLOBALFOUNDRIES Inc.
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Fig. 1 10nm integration flow
with optimized process steps
for S1Ge FIN.
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A 2nd Generation of 14/16nm-node compatible strained-Ge pFINFET with improved
performance with respect to advanced Si-channel FinFET=

-

¥ 7. Mitard, L Witters, Y. Sasaki, H. Arinmra, 4 Schulze, B Loo, L.-4 Fapparsson, A Hikawyy, D. Cott, T. Chiarella, § Eubicsk H Mertens,
B Ritzenthaler, C. Vancken, P. Favia, H Bender, N. Horipuchi. K. Barla, D. Mocuta, A. Moosta, N. Callasrt 8 V.Y Thean

- DMEC, Fapsldresf 7

i sl rim 51
o5

OS5

Fig.1l: Two paths using high-mobality channel devices (here: strained
Ge p or relaxed Ge n) co-integrated onto a Silicon platform 1s
envisioned. The fin replacement process 1s also called STI-First
approach as opposite to STI-Last where 5TI 15 etched into the high-
mobility matenal (either lecally or in 300mm wafers).

1 Generation w———) 2=¢ Generation

~170m tall / ~13nm wide 27nm tall / ~10nm wide

Fig.3: High resolution xXTEM pictures from fully-processed
transistors after fin module redevelopment. The devices

| considered in this analysis are 34nm-1 ;. devices to allow space
for the xTEM vreparation.

100 nm

Fig.7: Gate cut along the ~10nm W, strained Ge
pFINFET (110nm CPP). 26nm dummy gate and
35nm active gates are shown.

5, 3001 Leuven, Belzum E-mail: Jepome Mitard igimec be
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iSilicon SADP Fin Formation -11nm Wide Fins |
rSl recess + in-situ relaxed Ph-doped SiGe70% |
_+ strained Ge deposition + STI Recess )
dummy gate deposition + patterning
EEnrm Extension I'T + scaled SiN spacer
Raised B-doped Germanmm 5/D SEG
Boron HDD implantation + 500C 57 junc
Epi Silicon + wet Si0, + HfO, + TIN+ W
Local Interconnect] + Ti direct contact to S/D epa
Local Interconnect? to LI1 and RMG

Vial + Metall + passivation |75 Sz fom (3] |

]

d

Ge uh=1900cm2/V-s

W
n

Si-Fin ph=125

rGe-Fin ph=240
Fig.l: Detaled process flow leading to our 2= generafion i _
wained Ge pFINEETs with £50m Binpitch, 110nm  SC€ T 1N HN=480

Contact Poly Pitch (CPP). Optimizations with respect to
the first generation of dew:Eﬂ [3] are ]:llg:lllghted

/ Thlsuntk _

— 500 g

=2 [ sie pFINFET
= 45nm-Fin pitch
E 400 - - ]
= [ n ~ X4

£ [ m Faferznce

= ol ™ melaxed Ge ]
. Relaxed Ge pFINFET]
; i - -nm Fin pitch ]
E zm | I -

S

o [

= 1001 Reference Si pFINFET

s 45nm-Fin pitch ]

ﬂ L 'n L L L 1 L L L L 1 |‘-‘Iﬁl =Tim|1‘l" ]
0 sxl0” 1x10" 2x107

Inversion Charge [fcml]
ig.9: Split CV mobility extractions camied out on our 45nm-Fin Pitch
devices. High mobility is obtained after our gate stack developments
confirming that the Ge is kept strained till the end of processing



Selective GeO,-Scavenging from Interfacial Laver on Sij ;Ge; Channel for
High Mobility Si/Si1:Gex CMOS Application
C.H. Lee H Eim* P Jamison B. G Southwick ITI. 5. Mochizuk: K. Watanabe, B Bao, B. Galatage®. 5. Guillanmet**,
T. Ando, B Pandev* A Konar® B. Lherron®*_ J. Fronheiser*. 5. Siddiqui*, H. Jagannathan V. Paruchuri

IBM Research, *GLOBALFOUNDEIES Inc_, **STMicroelectronics
257 Fuller Road. Suite 3100, Albany, NY 12203

N, =113

Metal gate

high-k/AL

Cge (UFlem”)

- f-‘-‘- ﬂ -
ﬁ Q.;ff“ @ GeO_free IL

v Geo_18% L],

Ge0,-34% IL

45 40 05 00 05 0.6 0.8 10 1.2 1.4
V, (V) EOT (nm)

) (a) . (b) Fig. 10 High-field hole mobility vs. EOT
Fig. 7 (a) Cross-sectional TEM 1mage of gate stack showing MG/HK/IL/S1,¢Gep 4 channel. in  Si; Gey4(100) pFETs. Devices with
The selective GeOy-scavenging process was carried out right after the IL formation and GeO,free IL exhibit about 30% higher
there 1s no change of SiGe profile and surface roughness m the channel region. (b) mobility than those with a S1GeO, (34%)
Split-C'V of S1g¢Geg4(100) pFET with GeOy-free IL. A very small frequency dispersion n II. They also outperforms pure Ge pFETs
the depletion region indicates the low interface defects. (EOT ~0.9 nm) [7-9].

40%-SiGe-Fin Hole mobility=250
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Demonstration of Record SiGe Transconductance and Short-Channel Current Dri‘re-iu High—Gé—

Content 5iGe PMOS FinFETs with Improved Junction and Scaled EOT

Pouya Hashemi, Kam-T eung I ee, Takashi Ando, Karthil: Balakrishnan John A Ott, Syuranga Koswatta,
Sebastian U. Engelmann Dae-Gyu Park: Vijay Narayanan Renee T. Mo and Effendi Lecbandung
IEM Research, Thomas J. Wartson Research Center, 1101 Eitchawan Rd, Yorktown Heights, NT 10588, US4

SGOI fabrication, fin patterning, 3D Ge
condensation [7]

Various scaled IL splits. HK/MG deposition

and treatment, poly-5i deposition

Gate hard mask, gate stack lithography/RIE
Split for hot BE, I'T and splits for I'T-firee:

thick (~9-10nmj and thin (~5-6mm) spacers

Tn-situ B-doped raised-S/D SiGe epitaxy

S activation at 800°C for hot I'T split

and up to 900°C for I'T-free splits
Silicide offset spacer formation
WiPt salicidation

S Y

Fig. 2 High-resolution TEM 1mage
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_:. Fig. 5 Median short-channel R, (Ls=30+£10nm), measured
= at [Ves-Vi[=0.7V and Vps=-50mV, for various gate stack
-: and splits, including II-free junctions with two spacer
] thicknesses and hot I/I. Higher Vi of IL1, which 1s also

present under spacers, may lead to higher R, for an under-
lapped 1T free device. By choosing IL2 under spacer, we
are able to sienificantlv reduce the R.. for I'l free devices.

I _ of a HGC S1Ge fin under spacer 1000 e |
ng- 1 Process ﬂ_ow to fabﬂcate_HGC for a device with junction formed §0%-SiGe n—:ﬁ 800 {  This ,:,c:::nzl T
S1Ge pMOS FinFETs, featuring a by hot I/I. No crystalline defect ; T _ "% Hot I/l junction
te first HK/MG flow with vari Fin Hole o 600 | ® |/l free, ultra-thin spacer
gate hirs : OW WIL Varols  was observed under the spacer, as —— $ o0 &/SRB FinFET [11]
splits for EOT scaling and junction. ooy firmed from various images mobility=325 £ Ny g
o r P - R ""'J T .I.'U 20[' _: ) - - ta, .
5 GeFinFET[3] =~ °
400 iy 1-free process. -~ o FnFET Rl °
Y - (a) M, =10 cm '
2 350 4 ' 10 |1_00( ) 1000
i o (hm
% 300 Junction hot I 1T -free 1T -free Fig. 14 I, (=Ip) at target HP I &=100nA/um at
L 250 : Vpp=0.5V of HGC SiGe FinFETs of this work
‘E. 200 B PhysicalLg 37nm 33nm 25nm vs. physical Lg. Overlaid are the best FInFET
:: 55 ﬂt“'ns=5ﬂm‘; gﬂlﬂv."ﬂﬂ': ?va.';dﬁ: ??]’.‘L‘lv."ﬂff data for bulk Ge [3] and s-Ge/SRB []. l].| with
-g 130 - S .G - — _ . . only reports available for source current. At a
< 100 Iy 55'=2C0.45 55 atVpg=-0.5% S0mWVidec 7TmV/dec B6mV/dec fixed HP Le=100nA/um and Vpp=0.5V., we
© ~[6] y ;:;i}'S DIEL S TmV M4mV 40mV demonstrate the highest SiGe FinFET I..,_and
E 90 + ﬂ{ ! v 0.5V 0.5V 0.5V the highest PFET performance reported to
T 0 +———r—— ' oD A - = date at Lc=35nm.
0 5 10 15 20 ' |lmatfisedHPLg | 0.45mA/jum |0.45mA/um | 0.43mA/um 4
ye ' : . . ; ;
2 EOT (A) Lgatfived HPLg |0 210mA/um [0.214mA/um| 0 187mA/um VLSI-2016 paper 4.4




Replacement High-K/Metal-Gate High-Ge-Content Strained SiGe FinFETs with High Hole }Iubiiit}' and |
Excellent SS and Reliability at Aggressive EOT ~7A and Scaled Dimensions Down to Sub-4nm Fin Widths

P. Hashemi. T. Ando. K. Balakrishnan, E. Cartier. M. Lofaro. J. A Ott. J. Bruley.

K.-L.Lee 5. Koswatta. 5. Dawes,

I Rozen. A Pyzyna, K. Chan S. U. Engelmann, D -G. Park. V. Narayanan. R. T. Mo and E. Leobandung
IBM Research, Thomas J Watsop Recamreh Contor 1101 Eitechmumn BAd - Veoltouwm Haiohte NV 10508 1754
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Fig. 12 Mobility vs. average

Wepg for a wide range of device
widths, including planar, wide
to sub-10nm-wide fins. s 15
nearly insensitive to the MG
WEF splits (WF2-WF1~70mV)
and sharply decreases for
narrow fins. Nevertheless.

report _a very high pFET

AV (V)

we

Ues=235cmm*/Vs at EQT-TA

for ultra-scaled fins with

average Wrmw=4.6nm. which is

very promising for Snmm-node.
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Fig. 15 Mobility benchmark for

RMG HGC Si1Ge FinFETs of this
work along with sub-1.1nm EOT
data for Si1 (circles), Si1Ge
(triangles) and Ge (diamonds)
(close: planar, open : FinFETSs);
Our_ data is over 35X higher

than planar Si at EOT-0."nm

and outperforms state-of-the-

art FinFETs at such EOT.
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Smart Solutions for Efficient Dual Strain Integration for Future FDSOI Generations

. ) A Bonnevialle™!*, C. Le Royer', Y. Morand®. 5. Reboh'. C. Plantier'. N. Rambal, J-P. Pédini’, S. Kerdiles’. P. Besson'~, J-M. Harlmamll,-
E‘ D. Marseilhan!. B. Mathien!, B_ Berthelon!?. M. Cassé!. F. Andrien!, D. Rouchon!. 0. Weber! F. Beeuf?, M. Haond®. A. Claverie®. M. Vinet!
. : Y CEA4, IETI. Minatec Campus_ F-328054 Grenoble, France;
. ? §TMicroelectronics, 850 rue Jean Monnet, 3_39 26 leles Fm:fce; : C’E.MESCC\-'RS 25_! rue J. Manng, 31400 Toulouse France
Abstract

We present deep insights on the imntegration and phyvsics of two new 30% c-SiG
stramn boosters for FDSOI CMOS. “STRASS™ and “BOX creep” 0 C-o1€
techniques (for tensilv and compressively stressed chamnels. STRASS: +1.6GPa tensile
respectively) are for the first time integrated in a localized manner on - - _
a 5pt:;:e—nf—ﬂ1::3—art 14nm FDSOI mumgr%TRAES enables to achieve Straln'Sl9|~1e_+60%
+1.6 GPa in S0I active regions (w.r.t. +1.3 GPa for thun BOX s501I). BOX-Creep; U=+ 10%
BOX creep process leads to more than +10% in hole mobility and
+6% 1n Ieff{Ioff) plots. The BOX creep efficiency is nvestigated with
respect to device dimensions: the electrical data evolution matches the
proposed mobility model based on 2D stmulated stress profiles.

iN iN ile Si
Dual lpcalized strained channels for sub 14nm FDSOI: = Strained Si by Top R lizati selulzs S tensile Si
tensile 51 + comprassive SiGe STRASS = Strained Si by Top Recrystallization
p nFETs  pFETs Al of Amorphized SiGe on SOI
a) SiGe Epitaxy on SOI {relaxed Si)
BOX

b) Buried amcrphization by ion implantation )
Strained

c-d) Top-down - SiN
mp. ns. reep
recrystallization (cja . p./tens.) “ remaval
(anneal) hitride on 501 anneai
FDSOI node nFET channel pFET channel
28nm si Si e) SiGe removal compressive Si
14nm Si compressive SiGe P
sub 1d4nm tenslle 81 >+1.5GPa comp. SiGe <-2GPa
Strain STRASS, BOX creep, tensile Si
boosters BOX creep SAIPS

Fig.1: Schematics of advanced FDSOI
CMOS. featuring highly strained Si and SiGe

= Fig.3: Principle of the BOX creep technique

channels. with studied strain boosters for ) applied to the fabrication of a) tensile Si

n/pFETs. Fig.2: Schematics of the STRASS process to (+1.2 GPa demonstrated in [6]) and b)
~J.0.B. Technologies (Strategic fabricate IEE!]ISIIE S1 on _1115u1at0r._ The top compressive Si. depending on the SiN stress.
" Marketing, Sales & relaxed Si1Ge seed (b) imposes its lattice ’ =

ogy) parameter to the Si film (c-d) [8.9]. VLSI-2016 paper 13.1

—



LYo ] a) b)
SiGe channel A-A’ cross-section
STi module SiN
localized STRASS: c-SiGe 30%
SiN dep. & patteming c-SiGe 23%
SEIEC“UE SIDJ&o\s Eli /
ion implantation (Si) 1200 -
anneal (<900°C) 1000 | e)
SiGe etching —— 18
SiN removal c) L’iﬂgff_ﬂ.—_l 2 . tensile Si (uniaxial stress) 0\0
‘w 800 -
Well impiant. & i E K, model [7] @
Hybrid i £, |@ivMv/em .
Gate stack w | et g 17 Joonjate g
T o ===3757 1 ri : I
MEOL, BEOL "t i 8 qge;" i
= 1.5 T « :
Fig.6: STRASS module integration for dual-strain FDSOI CMOS. a) Flow of the 3 9 A :
experiments. with n/p FETs schematics (b. ¢): d) Top view SEM picture after selective E 0\ I 5 ZII. ap
40nm S107Geos epitaxy (nFET): e) Tensile Stress in 1x4pum? SOI nFETs (after STRASS) E 15 4 :';9 | t S . ?
by Raman spectroscopy: + 1.6 GPa is demonstrated (Awsi = (sTRASS - Oxef = -7.3 cm’}). E E +1.6 GPa im e
. IFig. 6-e) 1
. +1.3GPa| '™ I
UJO\.OQ,‘?\\ e\\\\ & b) d) Roman T e T R
S 94& ) 1x2 um? SGOI area 1 15 5 25
i Aty = Atdyp Tensile stress (GPa)
T e Y =+05cm? | Ac= . . . .
Litho E 00 | -110 MPa "ig.7: Electron mobility gains expected with
Trench eW TRASS technique. +1.6 GPa (exp. data
5 g e | T el vith SiGe 30%) for STRASS can be further
H = ,--‘\ - 0
anneal (>1000°C) | -%nno ~ [ seon, nhan(ied with 40% Ge content.
Oxide deposition i E ; rel /
Densification anneal siGepeak -
CMP apo L7 . :
SiN removal e

--------------------------

Fig.8: BOX creep (BC) module integration. a) Experiment flow. b-c) n/p FETs schematics.
d) -110 MPa additional stress (AG) is evidenced in wide SGOI area by Raman spectroscopy. 23

rketing, Sales &
. Tednoogy) VLSI-2016 paper 13.1



a) LT X*** process flow: Junction alignment defined by first SiN liner deposition
First SiN deposition and implantation 5iN complement deposition SiN etching and RSD epitaxy

High Performance CMOS FDSOI Devices activated at Low Temperature

L. Pasini"™, P. Batude", J. Lacord', M. Casse'. B. Mathicu', B. Sklenard’, F. Piegas Luce', I. Micout'”, A. Payet', F Mazen'. P Besson', E. Gl‘cp'n':. 1. Barrel™?,
F. Daubriac®, L. Hutin', [ Blachier', D. Bm‘g:z, §. Chhun®, V. Mazzocchi'. A. Cros”, I-P. Barnes'. 7. S:lghj'. V. Delaye’, M. Rambal’, V. Lapras’, J. Mazurier', 0.
Weber', F Andrieu’, L. Brunet!, C. Fcnuuillci—ﬂ-m’nng:r". ). Rathay®, G. Ghibaudo®, F. Cristianc®, M. Haond”, F. Beeuf® and M. Vinet!

ICEA- Leti, Minatec Grenoble, STMicroelectronics Crolles, “IMEP-LAHC, Minatec Grenoble INP, ‘LAAS-CNRS, Toulouse FRANCE

a)
NiPt10%

B

uslon
eal
b) HT POR process flow:junction alignment defined by SiN deposition/etching/dopant diffusion b
SiN deposition SiN etching R5D epitaxy and drive-in anneal )
Tyax1000°C AMOS pMOS __ [amorph. depth
np &nm no i Dose (atjem’) [PAI(Ge)] P PaI(Ge] B
_—— = POR ] ] 0 0 0
— Mo Imp [ [} [ 0 0
o] [vera [ [ 0 | b2 0
o] [Mediumpal | b1 02 | b1 | b2 ~1nm
_; Wl [High P 24p1 | D2 |zam1| D2 -2nm
Si | SiGe sl siGe N
L]
WFig.2: a) Racegss main

Fig.1: a) LT X" integration process flow.
Implantation through thin liner enables to
place dopants at the channel entrance b) HT
POR process flow. Dopants are activated by
HT thermal anneal and driven by diffusion in
the region below the spacer.

J.O.B. Technologies (Strategic

. ay)
A

contributions: NiPt/Si
Fi; contact  resistance (Reo).
epitaxial region (Rgpr), region
co below the spacer (Rspa) b)
Devices split table.
cp
be.
De

CoO

arketing, Sales & VLSI-2016 paper 13.2
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Depth (nm)

Fig.3: a) TEM micrograph showing a
partial amorphization of the thin SiGe
film. b) Active B concentration profile
(ECV) obtained after 630°C annealing

compared

to total B. An activation

level of 3x10% at/cm? is achieved.
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Fig.4: a) Rsyger mapping on 300mm
wafer of a 6nm SiGe film activated by
SPE at 630°C. b) Thickness mapping
of the thin SiN liner used to define the
junction position in the X' integration
on 300mm wafer (Aru<l A)‘



High performance Ing s3Gaj;As FinFETs fabricated on 300 mm Si substrate

M. L. Huang, S. W. Chang, M. K. Chen, Y. Onmiki, H C. Chen, C. H. Lin, W. C. Lee, C. H. Lin, M. A
Khaderbad, K. Y. Lee, Z. C. Chen, P. Y. Tsar. L. T. Lin, M. H. Tsai, C. L. Hung, T. C. Huang,
Y. C Lin, Y-C. Yeo. S M. Jang H Y. Hwang, Howard C -H. Wang. and Carlos H. Diaz
Taiwan Semiconductor Mamfacturing Company (TSMC), Hainchn 300, Taiwan

UTB-FET
Process flow
= 2000 1
-V epi. on 300mm Si EI
Fin formation ‘E
+ "E'
N*-S/D E FinFET
HK deposition =
MG deposition % 1000
S/D contact metal dep. :.!}
Metallization
ure|UTB)=2126 cm2/V-s
Fig. 1 Process flow for the _ _ Uee(Fin)=1731 cm2/NV-s
InGaAs FinFET fabrication. Fig. 2 (a) Top view SEM ol .
Fin dimension was controlled and (b) cross-sectional i 4 2 10 13
by InGaAs epi-layer thickness TEM images of the N, (1e12/cm?)

and dry/wet etch conditions. InGaAs FinFET.
Fig. 13 Extracted field

InGaAs pe=12,000cm2/V-s effect mobility (ugg) vs. N,
for UTB-, and Fin- FET.
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Record mobility (peg ~3100 cm~/V -s) and reliability performance (\ ov~0.5V for 10yr
operation) of Ino.s3Gans7As MOS devices using improved surface preparation and a

novel inferfacial layer
A Vais!, A, Alian, L. Nyns, J. Franco, $. Sioncke. V. Putcha', H. Yu', Y. Mols. R. Rooyackers, D. Lin, T W.
Maes®, Q. Xie”. M. Givens®, F. Tang". X. Jiang®. A. Mocuta. N. Collaert, K. De Meyer'. A. Thean
IMEC and also at 'K Lewven; "ASM Belgimn_jJASM America, Phoenix, A7, TTSA. e-mail: Abhitosh Vais@imec. be
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| ]
Ge chanqel n‘

10 s

Fig.5: TEM mlcrographs of n & pMOS
Medium  PAI  splits  transistors
fabricated with LT X" process. Good
epitaxial growth quality on the
implanted region is observed.
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Fig.15: Reps extraction by full EDSOI
device TCAD simulation (SDEVICE)
as a function of the spacer thickness
for various Rsmeer values. For both
n&pFETs, the ARspa and ARco are
consistent with the measured Raccgss
difference between LT and POR splits.
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Fig. 13: Rsuyger measurements on a 6
nm Si film implanted with the
conditions reported in Fig.2b. Expected
evolution is observed for the pFET
case, i.e. Rspger decreases with the
amorphization depth. For n-type the
values are not consistent with usual
SPE activation levels.
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Fig. 11. A combined
mmprovement in mobility, as a
result of new IL and optimuzed
Processing



InAs Nanowire GAA n-MOSFETs with 12-15 nm Diameter
T. Vasen, P. Ramvall A Afralian. C. Thelander!, K A Dick!. M. Holland, G. Doormnbos,
S.W. Wang, R. Oxland, G. Vellianitis, M.JH. van Dal, B. Duriez, J.-R. Ramirez’, R. Droopad?®. L -E. Wemersson®,
L. Samuelson', T-K. Chen’ Y -C. Yeo®, and M. Passlack
TSMC, Kapeldreef 75, 3001 Leuven. Belgium; 'Lund University, Lund, Sweden; “Texas State University, San Marcos T3 TISA:
*TSMC. Hsinchn, Taiwan 300-75 R.O.C.; Fmail: matthias_passlack@tsmc.com
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Fig. 1. (a) SEM image of as- Fig. 2. HRTEM image along a Fig. 3. TEM cross section image Fig. 13. Field-effect

grown InAs NWs, (b) schematic ~ NW with 4 nm ZrO> high-k and  through the gate of the InAs NW mobility wo extracted from the
of completed device structure in  ‘with d = 10 nm. The InAs crystal GAA device withd =15 nm, 3.5- :

1ateral flow, and (c) gate all structure is wurtzite with no 4 nm ZrO; high-k and W gate measured linear

around (GAA) process steps. visible stacking faults. metal. transconductance at Fa = 0.05

V vs. equivalent sheet carrier
density for the InAs NW device

INAS U =2040 of Fig. 12. To compare with
o=

nlanar Non = Min/ wd 1s nlotted
InAs pe should=40,000cm2/V-s
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Ge=3900/1900
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Doping concentration (1/cm3)

oncentration

== mu_p, Ge, Mirabella

—h— TIU_Pp, Ge, Sze
=l==mu_p, Si

e MUu_n, Ge, Sze
=«==mu_n, Si

At 1E20/cm3 channel doping
level Ge mobility only 2x of Si
for electron and hole!

4— mu_p, Ge, Schoder, From rho

=—4— mu_n, Ge, Schoder, From rho
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Ultralow-Resistivity CMOS Contact Scheme o
with Pre-Contact Amorphization Plus Ti (Germano-)Silicidation —
H. Yu!?, M. Schaekers!. A Hikavyy!, E. Rosseel', A. Peter!. K. Hollar’, F. A. Khaja’, W. Aderhold®. L. Date’. A. J. Mayur®,

J-G.Lee'. K. M. Shin’, B. Douhard’, 5. A. Chew!, $. Demuynck!, $. Kubicek!, D. Kim®, A. Mocuta’,
K. Barla!, N. Horiguchi!, N. Collaert’, A V-Y. Thean®, K. De Meyer!”

/ Tmec. Kapeldreef 75, B-3001 Leuven, Belgmum “Also at Katholieke Universiteit Leuven, Leuven. Belgium
*Applied Matenials, Sunnyvale, USA *Samsung, Seoul. Korea “Samsung, assignee at imec, Leuven, Belgium
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I - Noveer - Fig. 10 (a) SIMS B profile; (b) summary of p--Na | 12 pe Of Ilslleb on
TiSix with PCAI has lower p.. PCAI ISD-GB and ISD-GB+ with ns
is with 3keV 6+ 10 cm2 Ge UL PMA on S1Ge:B combining SIMS, Hall. and pc results. laser B activation. Samples are
window is 500-550°C 1min N2 RTP. Dash lines in (b) are simulated pe-Na curves with ACtIve - SAMIPIES ¢

field emission theory [9]. with PCATand 500°C PMA.

300mm lightly doped Si wafer .
n-well formation Table I. SiGe:B samples defined
SiGe:B epitaxy bv B doping methods. SiP =2E21/cm3 =2.1x10° O )
o B I/l & activation . ) P = 1P = cme =2.1x10U -CIm
MR-CTLM patterning:Dielectric Sample ID | B U1 dose (¢ Remark )
deposition, lithography, and ISD - No extra BII 70%-SiGeB= 2.1x10° Q-cm?2
etching (SiGe surface at the I1SD-B 3x1015 + 2x]1 015 Extra B L1
‘ ;%ngkfli%lrﬁgéﬂenlﬁxposed) ISD-GB | 3x10%+2x10' | Pre-B Ge Al
¢ Ti/TiN deposition ISD-BG | 3x10%+2x10% | Post-B Ge Al
¢ PMAwith 1min N, RTP ISD-GB+ | 6x10%+2x10% | PreB Ge Al
83 gggﬁ gl’ gﬁgo{%w'%n * Two-step B I'T: 1* with 2keV, and 2! with 0.5keV.
** (Ge AT is with 10keV enersy and 1 X 10 em™? dose

Fig. 3 Process flow of MR-CTLM structure. Detailed B I/I conditions 29
Ware in Table I. B I'T was followed by spike anneal or multi-pulse ns VLSI-2016 paper 7.1
@ laser anneal for B activation. PCAI conditions are compared in Fig L 5.

Io Performed on only part of samples
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Ultra-Low NMOS Contact Resistivity Using a Novel Plasma-Based DSS Implant and
Laser Anneal for Post 7 nm Nodes

C.-N.Ni. EV_Rao, F. Khaja, 5. Sharma, S. Tang, J. J. Chen, K. E. Hollar, N. Breil, X. L1, M. Jin, C. Lazik_ J. Lee
H. Mavnard, N. Variam, A J Mayur, 5. Kim. H. Chung, M. Chudzik, B Hung, N. Yoshida, N. Kim
Applied Matenals 3050 Bowers Avenue, Santa Clara, CA 93053, USA

/

VLSI-2016 paper 7.3

NMOS =1.2x10-° Q-cm? with msec DSA laser annealing

If nsec then <1x10° Q-cm?

Top-off Ul
5T T

pwellNSD I/l & anneal - .
BELFc
HDSiP Epi | no_| o
Contact Ul

DSA 1150 C
PMD patterning
Hi-k anneal

Contact IVl

Metal dep [SiconiiTiTiN)

g ' !
[no | [ BLPeryo | [ PlasmaP
+ SPM/SC1

g
:
o
k:
3

W fill / CMP

Al (M1) pad formation
FGA 400 °C, 30 min

Figure 3. Process flow showing
selective highly doped S1:P EPI
I with top-off or contact open
implant. The inset is schematics of
B contact area

implant
splits

Figure 14. xTEM and EDX images from

PLAD P 2keV and 4keV samples. Both a-
Si1 layer and oxidation are seen at
Ti/HDSIP interface of 4keV (higher Rc)
sample.

R parasitic for 7/5 nm nodes (C-um)

f// o

Contact resistivity (e® Crcm?)
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i i
5% of on-resislance
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anneal
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Contact I ]—)[ ec s ]
Figure 15. (a) Implanted
/annealed HDS1P Rs are
lower with nsec laser
anneal than DSA. (b)

Proposed new flow for
NMOS low contact Re
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Figure 2. (a) Conformal implant
for dopant boosting 1s needed for
further fin scaling (b) SIMS plot
showing good dopant conformality
on S1 fin
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2:3:nim: Si0y -
8nm  a-Si
HDSIP
Post implant Post implant Post implant
No DSA + DSA 800 °C + DSA 1150 °C

(b)
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LE+01

Measured Sheet Resistance (/1)

I~

Figure 8. Epitaxial regrowth of
HDSIi1P with laser anneal, with (a)

cross-sectional TEM and (b) their

corresponding sheet resistance.
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Figure 12. pc of HD S1:P reference
comparing to the ones with contact
open implant energy and dose splits.
Lowest Rc of 1.2e? Qcm? is
demonstrated. Post metal anneal 1s
DSA 800 °C
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VLSI Sym-2015 Paper.
tact for tMOSFET” "

hows the process flow and schematic of the doped contact structure to achieve low contact
resistivity. Fig.5 shows the higher the in-situ doped epi dopant level the lower the contact resistivity going
from P=7E19/cm?3 up to 2.5E21/cm?3 using DSA laser annealing to boost P-dopant activation. Using an
additional P-Cryo top-off implant after S/D epi or contact opening with DSA annealing will further reduce
resistivity as shown in Fig.10 with minimal strain relaxation as shown in Fig.11. So message is need to add
more n+ S/D implants even with in-situ doped epi at 2E21/cm? doping level!

=11

Pwell (B) / NSD (P)
Activation anneal

HSSIP [2E2) & DSA1150C
PMD patterning

Contact open

Contact metal

o Siconi 50A

o PVD Ti 504

o ALD TiN 30A

Wil

W CMP

Anneal (DSA or Soak)
Al pad patterning
FGA 400C, 30 min

(a) Contact resistance (C-um) vs, “3)

Pc (e Qrem?)
(=11

[ D (% ]

3 : 1' S 1 - 1 : 19 a0 o Figure 2. Detailed process flows showing selective
E+ LE highly doped Si:P EPI{ d prior to TYTiN
. 3 y doped Si: 15 processed prior
Eauivalent Contact CD (nm) Dopant concentration (cm) contact metal deposition.

Figure 1. (a) ITRS predicted pc of mid 16” Qem’ is required for 10/7-nm FinFET [1]. (b) Field-
emission model simmulates pc as a function of SBH and n-dopant (c) Band alignment of T1 on n-S1.
(d) Band alignment of T1 on highly doped S1:P showing reduced barrier thickness ()

— S —
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H =Y
A A DSASSoC

HD SIP Contact resistivity (Qem?in Log)

Figure 5. (a) TEM of kelvin contact

test vehicle with Ti contacting on
HD Si:P (b) pc of T1/S1:P contact as
a function of n-dopant concentration.
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Figure 10. Sheet resistance measurement comparing pre- and post
P eryo implant+anneal into HD St:P. Rs improved with additional

implant
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Figure 11. X-ray diffraction pattern shows no
HD Si:P film relaxation after P implant and
high temperature DSA anneal
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Ultra low p-type SiGe contact resistance FinFETs with Ti silicide liner using crvogenic
contact implantation amorphization and Solid-Phase Epitaxial Regrowth (SPER)

YR Yang N Breil', CY. Yang, J Hsieh F. Chiang. B. Colombean’, B N. Guo®, KH. Shim’, N. Variam®, G. Leung', I Hebb!, 5.
Sharma!, CN_Nil. J. Ren'. J. Wen'. I H. Park’, H. Chen'. 5. Cher’. M. How'. D. Tzai’. J. Kuo®. D. Liao®, M. Chudzik’, SH. Lin HF
Huang. N.H. Yang, JF. Lin, C.T. Tsai, G.C. Hung, 5.C. Hsu, O. Cheng, J'Y. Wu and TE. Yew
United Microelectromies Corporation (UMC), Advanced Technology Development, MNo. 18, Nanke ?nd Bd, Tainan Taiwan 74147
! — Applied Materialz, 3030 Bowers Avenue, Santa Clara, CA 95033, USA
2 — Applied Materials — Varian Semiconductor Equipment, 35 Dory Foad, Gloucester, MA 01930, USA
*— Applied Materials Taiwar, Manke 7th Bd Tainan Taiwan 741

Boron

. . B
i STl and Fin formation f::;:; . ,—,:;;E‘m implant
E S/D epitaxy
RMG

Contact trench patterning
Boron implantation (amerphization)
* Cryogenic(Cold) / RT / Hot implantation
* 1.5KeV3ElS5cm?
: Preclean, Tiand TiN deposition
Silicide anneal {recrystallization)
* Spike N2 600°C+DSA 850°C

I W fill and CMP

Fig.1: Process flow for the FinFET Fig.2: 3D schematic shows the boron
devices used in this experiment implantation into contact trench.

[B] concentration [at.cm-3)

P-contact =5.9x10° Q-cm?
Fig.4:
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Fig.10: The contact resistivity vs. 1000/T plot
shows an Arrhenius dependency. The best
result for the cold implant demonstrates a
record low contact resistivity of 59x10%
ohm-cm?2.
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Gate-All-Around MOSFETs based on Vertically Stacked Horizontal
Si Nanowires in a Replacement Metal Gate Process on Bulk Si Substrates

H. Mertens, B_ Ritzenthaler. A Hikavyy, M. 5. Kim 7. Tao, K Wostyn, 5. A Chew, A De Keersgieter, G. Mannaert,
E. Fosseel. T. Schram K Devriendt. D. Tsvetanova, H. Dekdrers. 5. Demmrynck, A Chasin E. Van Besien A Dangol,
5. Godny. B. Douvhard, N. Bosman 0. Richard, J. Geypen. H. Bender, K. Barla, D. Mocuta, N. Horignehi, A V- Thean

Starting material: Bulk Si wafer
Ground plane I'T + anneal (a)
51Ge/51/51Ge/51 epitaxy (b)
Spacer-defined fin patterming (SADP)
Low-temperature STI filling (c)
Dummy gate patterning

Extension I'T + Spacer formation Parasitic
Embedded 51 S."D epitaxy (d) \ channel meti
HDD I'T + activation

TLDO deposition/CMP STI

Dummy poly/oxide removal
51 nanowire formation by S1Ge etch (&) (e)
Gate dielectric (IL-S10,/HO,) dep.
Work function (WF) metal deposition
Fill metal (W) deposition/CMP (f)
Contact formation + M1 BEOL

Fig. 2. TEM images of an NMOS GAA Si
NWFET (L = 70 nm): (a) overview of the S1 NW
array, and (b) detailed view of two stacked Si

Fig. 1. Process flow for the fabrication of GAA Si NWFETs. (a) — (f) NWs. The rounded NW shape, the narrow NW
Coventor® images that illustrate the critical steps. The Ge concentration in the SiZ¢ distribution, and the conformally deposited

S1Ge layers 1s 27%. The thickness of the S1Ge and Si layers 1s ~10 nm. HK/MG layers are clearly visible.
E ‘L‘a‘- T T T T T T T T T T T
£ £ .1 o Ge ~27% | . N
o 503 ad0*t _ fo) £
= Ee) 2 "ISE]EI. 110 S
8 S 49 Sax10il. 1Y £
g 2 Post STI 8 "‘]" | | ®
w ' 12
= 5 /S £ 2x10° 107%
i 8 SiGelSi E [ | 3
z £ 01 i cermixin Post | & i t &
= > B SiGe/Si St | ] 14072
92 5 0.0 Ge = 0% epitaxy . | U substrate @
& 6 4 2 0 2 4 0 10 20 30 40 50 60 70 80
Depth (nm) Depth (nm)
Fig. 4. (a) STEM 1image of a post-STI fin showing the Si1Ge and Fig. 5. SIMS profiles for Ge (left axis) and
_ Sisegments. (b) STEM intensity trace showing limited SiGe/Si for NMOS GP doping (right axis) collected
intermixing by STI densification at 750 °C for 30 minutes. after S1Ge/S1 ep1 for two boron GP 36
" Junction activation spike annealing has low impact on SiGe/Si concentrations showing the steep profiles

intermixing as well, which 1s attributed to short anneal duration. in the S1 substrate below the S1Ge/S1 stack. VLSI-2016 paper 15.1



First demonstration of a CMOS over CMOS 3D VLSI CoolCube™ integration on .
300mm wafers \

L. Brunet', P Batude', C. Fenowllet-Beranger', F Besombes', L. Hortemel', F. Ponthemer', B. Previtali', C. Tabone!, & Rover', C.
Apraffeil’, C. Ewvrard-Colnat®, A Seipnard’, C. Morales', F. Fownel 1. Benaissa', T. Signamarcheix’, P Besson®, M. Jourdan', F_
Eachtoul', V. Benevent', T -M. Hartmann', C. Comboroure®, ¥. Allout’, M. Posseme', C. Vizioz!, C. Arvet’, 5. Bamola', 5. Eerdiles', L.
Baud', L. Pasmi'*, C.-M. V. Lu'<, F. Deprat’, & Toffoli', G Romane®, C. Gued;', V. Delaye', F. Boeuf*, 0. Faynot' and M. Vinet'

IWCEA, Lety MINATEC Campus, *5Thlicroelectronies

BOTTOM level Layer transfer TOP level
SOl BOX 145nm/ Si 16nm
S0l thinning & patterning | 950°C | Si patterning | 525°C |
HfSION/TIN/Poly-5i gate stack patterning PMD planarization by CMP HfO,/TiN/Poly-5i gate stack patterning
SisN, spacer formation [ Bonding with axidized SOl water § SiNaspacerformation IR
Si Raised Source/Drain [Nl Bonding annealing [JETTTEN SiGe, ,, Raised Source/Drain IR
Thinni indi d etchi
As & BF, implantation LDD/HDD nning by grinding and etching & oo pant activation by seer  [IETR
Dopant activation by spike
NiPt 10% silicidation l:l NiPt 10% silicidation
CESL & PMD deposition 3D contacts up to M2 metal lines
Hot Temperature Process Low Temperature Process

Fig.2: TEM cross-section of the 3D sequential structure up to M2 line. Nanometric

Fig.1: Process flow scheme of 3D CoolCube™ integration: bottom level realization : : :
= top and bottom transistors alignment is observed.

at high temperature, layer transfer and realization of the top level at low thermal

budget.

9nm Si layer

40nm

3 sio,

B siN
.o . . . ] Fig.14: SEM cross-section of the
Flg.111. DESC“PJEIDH of the Si Illa}.ﬂ bonded structure, with bottom W lines. 37
—transfer above W metal 1 level. TUTIN after thinning. The 9nm Si layer is

B diffusion barrier is used. highlichted in red. VLSI-2016 paper 17.3



White Spots Reduction by Ultimate Proximity Metal Gettering at Carbon o
Complexes Formed underneath Contact Area in CMOS Immage Sensors
Tadashi Yamaguchi. Tomohiro Yamashita. Takeshi Kamino®,
Yotaro Goto*®, Takashi Kuroi*, and Masazumi Matsuura

Renesas Electronics Corp.. 751 Horiguchi, Hitachinaka. Tharaki Japan
tadashi yamaguchi pz@renesas com
*Renesas Semiconductor Manufacturing Corp.. 751 Honiguchi, Hitachinaka, Ibarak: Japan
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Fig. 9. Simulated carbon and dopant Fig. 12. Raman shifts with and © dose fem]
without C complexes. Fig. 10. White spots as a function of C dose.

depth profiles after gettering site
formation.
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