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1. Introduction

Nanowire field-effect-transistors (NW FETs) are regarded as
promising candidates for ultimate scaling [1]. In order to obtain
high performance NW FETs for practical use, reducing parasitic
resistance (Rsp) [2,3] and enhancing inversion-layer mobility (1)
[4] are essential (Fig.1). We reported the large Rgp reduction by
means of raised source/drain (S/D) extensions with thin gate
spacer, achieving higher /,,/C;,, than the previous NW FETs with
epi S/D [5]. However, further Rgp reduction is still required for
high performance Si LSI. For x enhancement, on the other hand,
applying strain to NW channel region is necessary in addition to
the surface orientation engineering [6]. However, the x# enhance-
ment technique for NW FETs is still insufficient.

In this paper, we demonstrate further /,, improvement by
Epi-first S/D extension process. In addition, we successfully ob-
tained /p enhancement due to the compressive strain applied from
heavily-doped poly-Si gate.

2. NW FETs Fabrication

Tri-gate NW FETs were fabricated on (100) SOI wafers. Fig.2
shows  the key  process  flow. Channel  direc-
tion/side-surface-orientation is <110>/(110) or <100>/(100). Gate
stack is composed of poly-Si and SiO, with Ty of 3 and 4nm.
Gate pre-doping with high or low dose were performed. The
dopants were P, As, and B. After definition of gate and SiN offset
spacers, selective epitaxial growth (SEG) of Si on NW S/D was
performed prior to extension ion-implantation (Ext. I/I), which we
call Epi-first S/D extension process. Figs.3(a) and (b) show TEM
images of <110> NW channel and S/D region with SEG, respec-
tively. While the conventional Ext. I/I-first S/D process like bulk
planar FETs requires low dose and low energy ion-implantation to
keep crystallinity of Si NW S/D, defect-free S/D SEG was suc-
cessfully fabricated through the Epi-first S/D extension process
even with high dose and high energy ion-implantation.

3. Results and Discussion
A. Epi-first S/D Extension

Fig.4 shows Ip-V; characteristics with Vp of 10 mV. I of
Epi-first NW FETs has 1.8 times higher than that of the conven-
tional Ext. I/I-first NW FETs. In Rj,-Ls plots (Fig.5), Ry, of
Epi-first NW FETs is smaller than that of Ext. I/I-first NW FETs.
It is also confirmed that the variability of Ry, is suppressed in
Epi-first NW FETs with short Lg, because SEG of S/D was uni-
formly formed. High dose and high energy Ext. I/l in Epi-first
NW FETs fabrication leads to the low-resistivity extension region
with large amount of dopants (Fig.6). The fact suggests that eftec-
tive gate length (L.p) of Epi-first NW FETs was shortened against
L due to thin gate spacer used in this experiment. In order to
compare the R;;, under the same short-channel-effect (SCE), Fig.7
shows the relationship between Rj;,, and DIBL. As DIBL becomes
large, Rj;, decreases drastically due to the reduction of the channel
resistance. The minimum R, of Epi-first NW FETs, which is
almost corresponding to Rgp, is lower than that of Ext. I/I-first
NW FETs. At the same DIBL of 100 mV/V, 37% Rj;, reduction
was achieved in Epi-first NW FETs. Furthermore, 40% Ip ;;, en-
hancement was obtained at /,; of 1 nA/um (Fig.8). These results
indicate that Epi-first S/D extension process to increase S/D im-
purity is indispensable process for large Rgp reduction of
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short-channel NW FETs. Therefore, low Rgp and acceptable SCE
could be realized by optimizing the spacer width in the Epi-first
NW FETs. In I,,-I,4 plots (Fig.9), I,, of the Epi-first NW FETs
increases 20% at I,y of 1 nA/um.

B. Heavily-doped Poly-Si Gate

Fig.10 shows Ip-V; characteristics of Si NW FETs with high-
and low-doped poly-Si gate. These NW FETs were fabricated on
the same wafer with changing gate pre-doping conditions to
eliminate the wafer-to-wafer fluctuation. It is found that the I, of
As- and P-doped poly-Si gate are higher than that of B-doped gate
despite the same dose. Furthermore, 75, of the As- and P-doped
gate are increased by heavy doping, while no enhancement is
observed in NW FETs with heavily-B-doped gate. In the Wy
dependence of the I, enhancement (A47p) of high- to low-dose gate
(Fig.11), Alp increases with narrow Wy less than 40nm. Alp also
increases with short Lg (Fig.12).

Fig.13 shows the Al of <110> and <100> NW FETs. The Wyy
dependence of the Al shows the same tendency in both channel
direction. It is found that A/, in <110> is larger than that in
<100>, suggesting the channel direction dependence of Al in-
duced by the strain. Fig.14 shows the x change by 0.1% normal
compressive strain to top NW surface and 0.1% horizontal com-
pressive strain to side surfaces extracted from substrate bending
[5]. While the u change of top surface in both <110> and <100>
nFETs are the same, (110) side surface has large x increase. The
higher Al in <110> nFET than that in <100> nFETs suggests As-
and P-doped poly-Si gate induce the compressive strain to the
NW channel. Al increase against Wyy (Fig.11) means the strain
enhancement in narrow Wyy. In cross-sectional TEM image of
NW FETs (Fig.15), the poly-Si grain boundary is observed at the
corner to surface. As reported [7], high P concentration forms the
vacancy in Si lattice and excess Si atoms stabilize at grain bound-
ary or surface. The re-growth of poly-grain could induce outward
stress, leading to the compressive stain to the NW channel.

Moreover, tensile-stress liner was formed in heavily-doped
poly-Si NW FETs. It is confirmed that the tensile-stress liner
enhances /p of NW nFET with the low-dose gate (Fig.16). In Lg
dependence of I, enhancement ratio (4/p) by tensile stress liner
with As- and B-doped gate (Fig.17), As-doped gate NW nFETs
becomes larger than B-doped gate at short Ls. Alp of As-doped
poly-Si gate is slightly higher than that of B-doped one, irrespec-
tive of Wyy (Fig.18). Fig.19 summarizes the /p enhancement due
to the tensile-stress liner and the heavily-doped poly-Si gate. The
Ip enhancement is extracted from the I, difference from the NW
FETs with B-doped poly-Si gate and neutral liner. It is found that
longitudinal tensile strain by the stress liner and vertical compres-
sive strain by heavily-doped poly-Si gate are additive and 43% I,
enhancement is achieved in short L.

Conclusions

We achieved Rgp reduction and /,, enhancement in NW FETs
with Epi-first process and compressive stress induced by heav-
ily-doped poly-Si gate. 20% I,, enhancement was obtained com-
pared to conventional Ext. I/I-first process. Heavily-doped poly-Si
gate process is additive to tensile stress liner. This stress tech-

nique can be applicable to poly-Si/metal stacked gate NW FETs.
Acknowledgements: This work was partly supported by NEDO’s
Development of Nanoelectronic Device Technology.



References:[1] K.H.Yeo et al., IEDM2006, p.539. [2] H.S.Wong et al.,VLSI2009, p.92. [3] S.Bangsaruntip et al., IEDM2009, p.297. [4] J.Chen et al.,
VLSI2008, p.32. [5] M.Saitoh et al., to be presented at VLSI2010. [6] M.Saitoh et al., VLSI2008, p.18. [7]A.F.W.Willoughby, “Double-Diffusion
Process in Silicon” in F.F.Y.Wang, Ed., Impurity Doping Process in Silicon (1981).

: ® Enhancement of mobility . .
§ Orientation & strain engineering Nanowlr.e Pattem}g . . '. o
3 compressive strain out of (100) plane (ArF, SN HM trimming RIE) A
@ Gate Formation y
ﬂ (increasing dose of dopant) Nw* i
110 110 SiN offset spacer for epi-growth 19nm |
Siepi-growth Sinanowire [NFET] / PFET\ Selective Si epi-growth |
high mobility on (110) plane Ext. V1 As or B, L 20nm
. . . (high energy and high dose) \ / (a) . < (b) e
® Reduction of parasitic resistance Deep Il and Annealing \\ /, /  Fig3 Typical cross-sectional TEM
----{OHD-¥--- Selective epi-growth before Ext. I/ @ SiN spacer removal images: (a) nanowire and (b) S/D after

‘enhancing mobility
reducing parasitic resistance

Mobility enhancement and resistance reduction are required.

TEOS sidewall

epi. Si NW with NW height (Hyy) and
width (Wyw) of 19nm and 16nm was

- ; . . . Fig.2 Key process flow for Epi-first successfully fabricated.
Fig.1 Schematics of top and cross-sectional view of nanowire FETs. S/D and heavily-doped Poly-Si gate.

2000 10° 107 o
40 I Lg=40nm E Tox=3nm > . T0X=3nm [ 1} .A
N F Vp=10mV | ¥ 107 Vp=10mV a
30 L TOX 3nm 1500 [ t Vo3 S
fe\ :_VD=10mV fé\ ,€ | Vg-Vu=3V UD 10-9 40%
3t Epi-first 3 A > 1o F Ext. VI-first
S0k & 1000 Eoifirst | S 10 ® 10
2 I = P s F Ext. Vl-first | g Iyt
o T ~ ~ L Lo 1Y =
— | | .
1oF Ext. VI-first 200 Vp=10mV i o |2 Epi-first
- Ve-Ve=3V| Epi-first == 5
ok 1) I R R 102 MR TTT BT T 10 |
-1 0 1 2 3 0 200 400 600 101 102 103 0 5 10 15 20 25
VeV (V) G (am DIBL (mV/V) Ip jin(MA/MM) @V =0.6V

Fig4 Ip-Vs of Epifirst and Ext. Fig.5 Typical Rj-Lg plots, where Lg  Fig.7 Relationship between Ry, Fig.8 Ip ju-Lgs plots of nanowire

I/l-first NW FETs. Ip is normalized by is defined as gate ploy-Si length.

circumference (Wyyt+2* Hyy).
Epi-first
Selective epi-growth Ext. I/l RTA
(high dose & high energy)

A Gl

Ext. I/I-first Ly
Ext. I/ RTA Selective epi-growth
(low dose & low energy)

&#&(I:h##& (I:h

low dose
high dose

poly-Si doping
open: low dose

and DIBL. FETs. 40% Ip 4, enhancement is
5 achieved at /,yof InA/pm.
10° 2.0 2

5 10°E Tox=3nm -

S 107 Vo<V um 15

o 10°F  Ext U-firstl ’

S g

® 107 210

’:a: 20% | =
2

k5

# Epi-first

closed: high dose]

200 400

1
1 0 1 2 4 As P B
Lon (HA/Mm) @V=0.6V VoV (V) dopant
Fig.9 Il plots of nanowire Fig.10 (a) /p-V characteristics with high- and low-doped

600

3

_’Lef;_ FETs. 20% I,, enhancement is gate. (b) Ip at Vg-Vy, of 3V. Hyy=14nm. Wyy=21nm.
Fig.6 Schematics of Epi-first and Ext. I/I-first processes. achieved at /,;0f InA/pm. +15.6% +15.7%
22— 14 12 —5 - @ i L
As mighfow | 1oL © As-doped poly-Si Gatg <110> <100>
10F ¢ pp--2—D 0 101 ¢ Le=11m F104% | ppT 1% | FET
8l p'e 5" 1o ’ wO olm sk o Toxdnm
o & ~2lnm | o °
s s 8 * e S <110> channel Fig.14 u change by 0.1% compressive strain normal
6 [ Y ° 6F ®®e . N
Zr': * s <"‘1Q 6 ° . '<_19 e |lOfoP surface and horizontal to side surface.
41+ o 4} 00 /\
- _ 41 = ~ 5
Lo=1 Vp=10mV — Wyw=100nm o [
ppoerm Yoim ) Tox=4nm "NV~ 2 <100> channel fe ! N /
Tox=4nm Vg-Vy=3V - As-doped Poly-Si Gate Yoo ’ =
0 I I R | )} P R B 0 L1 ~ A, i bound
0 20 40 60 80 100 120 l-’, 4 ary TNW

0 20 40 60 80 100120 "¢ 300 600 900 1200
LG?nm)

Wiw (nm)

Fig.11 Wyy dependence of I, Fig.12 Ls dependence of Ip

enhancement of high- to enhancement

Wy (am) i —

F1g13 Alp of <110> and Fie. 1 ~ : 1 TEM i f NW FET
of high- to 2100> channel NW FETs. ig.15 Cross-sectional image of NW S

Poly-Si grain boundary at the corner could in-

low-dose gate NW FETs. low-dose gate NW FETs. Hyp=21nm in <100>. duce outward stress.
4.0 30 12 50
Lo=500nm A g™ As_ Tens. Stress 1.6GPa ] _ ID'I}IB;NWL
— g 251 [ ] ° I'I.Sens._IBIeuL 10 a [ As 40k oo AID7 1B+Neut.
3.0 e Ay rea meeo As+Tens. D
~ f\zo_ B D /‘\8_ mE ® ~ TOX:4nm
£20 Sis Tox~d4nm S¢be P " S ¢ Volomy
=<8 2T ¥ Vp=10mV ool _ 8 mm ® Vo-Vy3V
- Neutral g v g " L¢=500nm < 201 B+Tens. ‘
o osed - 10 a VeVu=3V 41 Tox=4nm oom, ® °
1.0 (l:.ggPa' s sk Vp=10mV 10fAs+Neut.m
‘ Tens. Stress Tlens. Stlress 1.|6GPa 0 . T
‘ )) PP B Ml )} PRI P R T N L1y |
-1 0 12 3 4 0 300 600 900 1200 0 30 60 90 120 0 300 600 900 1200
. VoV (V) . G (nm Wiw (nm) . G (nm
Fig.16 Ip-V characteristics with or Fig 17 L dependence of Al, Fig.19 Lg dependence of Alp to

without tensile SiN liner. Hyp=14nm. jnduced by tensile strain.

VVNW=2 1nm.

-710-

Fig.18 Wyy dependence of
Alp by tensile strain.

B-doped gate NW FETs. Effects of
As-doped and tens. strain is additive.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


