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ABSTRACT FinFET devices with and without LDD implantation has been studied for dimensions com-
patible with leading 14nm technology node. Devices without LDD have better electrostatic characteristics
with SS = 65mV/dec and DIBL = 33mV. The nFET transistors with no LDD have device Vtsat mismatch
reduction by 20%, together with retained device reliability of HCI as compared to devices with LDD.
A full range of device Vtsat flavors is enabled in this experiment, presenting excellent device performances
at different operating voltages of 0.55V, 0.8V and 1.2V. All results indicates that devices with no LDD
and one less mask in FinFET architecture achieve lower cost, compelling performance and area scaling
compared to devices with LDD, for high performance and low power applications.

INDEX TERMS FinFET, 14nm, LDD, Vtsat mismatch, SS, DIBL.

I. INTRODUCTION

FinFET transistors with outstanding electrical transport
behavior in 14nm CMOS technology have been successfully
demonstrated in high-volume production for low power and
high performance applications [1]-[4]. High drive current
combined with low power consumption, as well as simplified
fabrication process with minimized impact on intrinsic sili-
con electrical properties have become mainstream in today’s
semiconductor industry. The feasibility of extending transis-
tors with superior device performance, together with retained
reliability needs to be illustrated for future advanced CMOS
technology. In this perspective, an undoped fin structure
was proposed earlier as a potential way to overcome mobil-
ity/device mismatch degradation caused by scattering [3], [5].
The lightly doped-drain (LDD) portion is to lessen impact
ionization and hot carrier injection (HCI) prior to highly
doped junction [6]. However, the introduction of donors into
the source/drain region caused scattering degradation. In line
with this direction, the experiment was designed to study
the LDD-free technology so as to reduce unfavorable scat-
tering degradation, as well as to simplify the process. In
this work, electrical characteristics of LDD and LDD-free
FinFET devices with a dimension compatible with leading
14nm technology node have been studied. Furthermore, our

research indicates the device without LDD implantation has
better characteristics in terms of electrostatistic and Vtsat
mismatch, as well as comparable device reliability of HCI.

Il. FABRICATION AND PROCESS
FinFET devices of dimension compatible with leading 14nm
technology node were fabricated on 300mm silicon substrate.
Silicon fins were formed to achieve higher on-state current
and better leakage control. In this experiment, we have stud-
ied a full range of device Vtsat flavors from regular (RVT),
low (LVT), to super low (SLVT). RVT, LVT and SLVT
devices reflect the standard for most SoC application.
Device design in this experiment has concentrated on two
groups which has and has no LDD implantation, respec-
tively. Comprehensive electrical transport behaviors, as well
as device reliability were collected in this experiment to
demonstrate improved device characteristics and comparable
reliability in device group with no LDD implantation.

1Il. RESULT AND DISCUSSION

Excellent device behaviors have been observed on the trans-
fer curves of the device without LDD, shown in Figure 1(a).
Inspecting the transfer behavior of the SLVT nFET device at
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FIGURE 1. Transfer characteristics of devices in the dimension compatible
with leading 14nm technology node of SLVT nFET in (a) with LDD device
and (b) without LDD device, with Vds = 0.05V and 0.8V. Solid data points
and lines represent electrical tested results, and TCAD simulations,
respectively.

Vds = 0.05V and 0.8V, superior electrostatic of core transis-
tors with on/off ratio >10° was achieved. The SLVT device
with sub-threshold swing of ~67mV/dec has showed the
state of the art short channel effect (SCE) immunity. Device
without LDD, shown in Figure 1(b), shows similar on/off
ratio behavior. More importantly, sub-threshold swing (SS)
in device group without LDD has even better value of
~65mV/dec. In both groups at normalized Vgs-Vtsat, on-
state resistance which contains both channel resistance and
contact resistance extracted at small Vds are compara-
ble. Device with LDD-free expects to have higher on-state
resistance due to changed junction where the parasitic con-
tact resistance between junction and channel is reduced.
However, experimental results in Figure 2(a) show the
comparable value of on-state resistance in both groups, sug-
gesting that S/D implants designed for LDD-free retain low
contact resistance as well as on-state resistance. Threshold
voltage extracted from linear extrapolation at low Vds bias,
shifts toward the direction of the positive gate voltage, as
ascribed in Figure 2(b). The ~ +10mV shift in Vtsat can
be explained by removal of the donor implantation from the
channel of n-type transistor, which is equivalent to apply-
ing acceptor implantation in nFET for threshold voltage
adjustment purpose.

A statistical study of key parameters is necessary and
important so as to receive a solid understanding of device
characterizes in all Vtsat flavors of nFET. Figure 3(a), (b),
and (c) show the devices performance in different Vtsat fla-
vors at Vdd = 0.8V. Clearly, at an operating voltage of 0.8V,
nFET all flavors show comparable device performance in
two groups, where with and without LDD devices electrical
data points overlap each other. It should be noted that, for
each Vtsat flavor, the device without LDD locates slightly
on the colder side of Idoff/Idsat that is directly attributed to
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FIGURE 2. (a) Output characteristics of SLVT nFET for both w/ LDD and
w/o LDD devices. Vgs varies from 0V to 1.2V, with a step of 200mV.

(b) Transfer characteristics of SLVT nFET in linear scale, with a Vds of
0.05V. Threshold voltage extracted from linear extrapolation indicates only
a ~ +10mV Vtsat shift in device without LDD. Devices in the dimension
compatible with leading 14nm technology node.
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FIGURE 3. Device performance readout of nFET Idoff vs Idsat in (a) SLVT at
Vdd = 0.8V, (b) LVT at Vdd = 0.8V, (c) RVT at Vdd = 0.8V. All suggest
comparable device performance between two device groups.

the Vtsat shift as mentioned previously. SLVT nFET device
performance at lower operating voltage (Vdd = 0.55V) and
higher operating voltage (Vdd = 1.2V) have also been eval-
uated and presented in Figure 4 (b) and (c). The consistent
device performance in SLVT nFET transistors demonstrates
an operating voltage independent behavior, both low power
application, as well as high performance applications. We
also studied ring oscillator (RO) performance Iddq vs Freq
with respect to different device flavors in both groups. As
shown in Figure 5(a) (b) (c), two device groups demonstrate
a comparable RO performance.

Compared to the device with LDD, which has SS of
~67mV/dec and a DIBL of 36 mV, the device with-
out LDD implantation has better off-state characteristics
with SS = 65mV/decade and DIBL = 33mV, shown in
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FIGURE 4. Device performance readout of nFET Idoff vs Idsat in (a) SLVT at
Vdd = 0.8V (b) SLVT at Vdd = 0.55V, and (c) SLVT at Vdd = 1.2V. All suggest
comparable device performance between two device groups.
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FIGURE 5. Device performance readout of RO Iddq vs Freq in (a) SLVT at
vdd = 0.8V, (b) LVT at Vdd = 0.8V, (c) RVT at Vdd = 0.8V. All suggest
comparable device performance between With LDD and Without LDD
devices.

Figure 6(a). The observation of excellent subthreshold behav-
ior in LDD-free group can be fairly attributed to the junction
push-out when LDD implantation has been removed from
junction/channel regime. As shown in Figure 6(b), the device
without LDD enjoys an improved DIBL when running at
smaller overlap capacitance. Overlap capacitance Cov, which
quantitatively describes the overlap region between gate and
drain, is an important index of SCE. To corroborate our
experimental findings that Without LDD group benefits bet-
ter off-state characteristics and to determine the individual
contribution from device architecture, TCAD simulation was
introduced and performed to support electrical testing results.
As depicted in Figure 7(a) and (b), junction profiles of the
two groups are plotted overlapped on each other. We observe
that the junctions close to the silicon-oxide interface are fur-
ther apart from each other in the LDD-free device where the
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FIGURE 6. Statistical studies of off-state characteristics, in terms of (a) SS
vs Vtsat, and (b) DIBL vs Cov in both device groups.
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FIGURE 7. (a) Cross-section of TCAD junction profile in SLVT nFET for both
groups. TCAD decks are calibrated with real process TEM images at every
major process steps and include all high temperature thermal budgets to
capture dopant activation and diffusion. (b) The overlapped plot compares
junction profiles of both of the devices.

Cov is smaller as compared to the device with LDD implan-
tation. Our theoretical results are consistent with experiment,
confirming that off-state electrostatic characteristic benefits
LDD-free device with smaller gate/junction overlap.
Device analog characteristics are also compared in both
groups. A reduction of device Vtsat mismatch (AVT) by
20% in nFETs, is presented in Figure 8(a) when devices
is without LDD implantation. At different normalized areas
of device physical structure, devices without LDD all show
significant sigma Vtsat reduction in standard deviation. One
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FIGURE 8. (a) AVT varies with normalized device area in w/o LDD device
gains a ~—20% reduction of device Vtsat mismatch. (b) Inline VRS
measured HCI for both device groups, where w/ LDD and w/o LDD devices
share similar HCI.

of the main advantages of having no LDD is to have less
implantation and therefore, improved random dopant fluc-
tuation and Vtsat mismatch [3], [5]. LDD-free is in line
with current multi-work function purpose which is to uti-
lize undoped fins to benefit device characteristic in terms of
mobility and logic/SRAM mismatch by eliminating dopant
scattering [3], [5]. Key device reliability has also been exam-
ined and characterized in Figure 8(b). HCI was tested by
inline voltage ramp stress (VRS) [7]. During the VRS test,
drain voltage Vds was ramped up with the gate voltage Vgs
synchronously. A specific Vds was recorded when the Idsat
shifted by 10%. As presented in Figure 8(b), HCI values
between two groups, with and without LDD, are comparable.
HCI can be surely retained in FinFET architecture [8].

IV. CONCLUSION

Device characteristics comparison between two device
groups, with LDD and without LDD implantation, has been
experimentally studied on FinFET structure with a dimension
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compatible with leading 14nm technology node. In con-
trast of previous planar FETs, FinFET technology reveals
its immunity to HCI effect. A latter research can be further
expanded to different fin width and gate underlap area so as
to optimize the junction profile to achieve better device relia-
bility/performance in sub-14nm gate length device suites [9].
Experimental results in device group without LDD implan-
tation show improved electrostatic characteristic, reduced
device Vtsat mismatch, and retained device reliability of
HCI as compared to device group with LDD.

REFERENCES

[1] J. Singh et al., “Analog, RF, and ESD device challenges and solutions
for 14 nm FinFET technology and beyond,” in Proc. Symp. VLSI
Technol. (VLSI-Technol.) Digest Tech. Papers, Honolulu, HI, USA,
2014, pp. 1-2, doi: 10.1109/VLSIT.2014.6894378.

H.C. Lo et al., “A 12 nm FinFET technology featuring 2nd generation
FinFET for low power and high performance applications,” in Proc.
IEEE Symp. VLSI Technol., Honolulu, HI, USA, 2018, pp. 215-216,
doi: 10.1109/VLSIT.2018.8510632.

S. Narasimha ef al., “A 7 nm CMOS technology platform for
mobile and high performance compute application,” in Proc. IEEE Int.
Electron Devices Meeting (IEDM), San Francisco, CA, USA, 2017,
pp. 295.1-29.5.4, doi: 10.1109/IEDM.2017.8268476.

S.-Y. Wu et al., “A 7 nm CMOS platform technology featuring 4th gen-
eration FinFET transistors with a 0.027 um?2 high density 6-T SRAM
cell for mobile SoC applications,” in Proc. IEEE Int. Electron Devices
Meeting (IEDM), San Francisco, CA, USA, 2016, pp. 2.6.1-2.6.4,
doi: 10.1109/IEDM.2016.7838333.

(2]

(3]

[4]

[S] M. Togo et al, “Multiple workfunction high performance
FinFETs for ultra-low voltage operation,” in Proc. IEEE
Symp. VLSI Technol., Honolulu, HI, USA, 2018, pp. 81-82,

doi: 10.1109/VLSIT.2018.8510641

C. Hu, S. C. Tam, E-C. Hsu, P-K. Ko, T.-Y. Chan, and
K. W. Terrill, “Hot-electron-induced MOSFET degradation—model,
monitor, and improvement,” IEEE J. Solid-State Circuits, vol. 20,
no. 1, pp. 295-305, Feb. 1985, doi: 10.1109/JSSC.1985.1052306.

B. Zhu et al., “TCAD simulation on FinFET n-type power device HCI
reliability improvement,” in Proc. IEEE Int. Rel. Phys. Symp. (IRPS),
Monterey, CA, USA, 2019, pp. 1-4, doi: 10.1109/IRPS.2019.8720558.
X. Wan, B. Zhu, M. Mohan, K. Wu, D. Choi, and A. Gondal, “HCI
improvement on 14nm FinFET IO device by optimization of 3D junc-
tion profile,” in Proc. IEEE Int. Rel. Phys. Symp. (IRPS), Monterey,
CA, USA, 2019, pp. 14, doi: 10.1109/IRPS.2019.8720526.

J. H. Stathis et al., “Reliability challenges for the 10 nm
node and beyond,” in Proc. IEEE Int. Electron Devices
Meeting, San Francisco, CA, USA, 2014, pp. 20.6.1-20.6.4,
doi: 10.1109/IEDM.2014.7047091.

(6]

(71

(8]

(9]

VOLUME 8, 2020


http://dx.doi.org/10.1109/VLSIT.2014.6894378
http://dx.doi.org/10.1109/VLSIT.2018.8510632
http://dx.doi.org/10.1109/IEDM.2017.8268476
http://dx.doi.org/10.1109/IEDM.2016.7838333
http://dx.doi.org/10.1109/VLSIT.2018.8510641
http://dx.doi.org/10.1109/JSSC.1985.1052306
http://dx.doi.org/10.1109/IRPS.2019.8720558
http://dx.doi.org/10.1109/IRPS.2019.8720526
http://dx.doi.org/10.1109/IEDM.2014.7047091


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


