InGaAs Double-Gate Fin-Sidewall MOSFET
Alon Vardi, Xin Zhao and Jests A. del Alamo

Microsystems Technology Laboratories, Massachusetts Institute of Technology (MIT), Cambridge, MA 02139, U.S.A
alonva@mit.edu

InGaAs Double-gate MOSFETSs with fins as narrow as 12 nm were fabricated using precision dry etching and digital etch. The
primary goal is to use the subthreshold characteristics of long-channel devices to characterize the interface of etched InGaAs fin
sidewalls. We have investigated the impact of forming gas anneal, high-K oxide and number of digital etch cycles following RIE.
Our results indicate a minimum interface state density (Dj;) of ~3x10'> cm™?e V! obtained in fin sidewalls with Al,O5 and HfO,
oxides after 4 cycles of digital etch. This is equivalent to results reported on planar devices and bodes well for future Trigate
MOSFETs thatwill notrequire a barrier semiconductor covering the sidewalls.

InGaAs has emerged as the most promising n-channel material for sub-10 nm CMOS [1]. In this dimensional range, only high
aspect-ratio 3D transistors with a fin or nanowire configuration can deliver the necessary performance. This brings to the fore the
need to achieve high quality M OS interfaces on the sidewalls of these devices, a topic about which little is known. In this work we
fabricate double-gate fin MOSFETs and characterize the sidewall MOS interface of dry-etched InGaAs fins through their
subthreshold behavior.

The device schematic and process flow are shown in Fig. 1. In essence, this is an n-type doped-channel FinFET where the gate
only acts on the sidewall surface potential. The starting material consists of a 100 nmthick n-Ing 53Gag 47As active layer Sidoped
at 10'® cm™ on a semi-insulating substrate. A novel reactive-ion etching process that utilizes a BCl3/SiCly/Ar chemistry has been
used to define fins as narrow as 20 nm with an aspect ratio of 10 [2]. The fins feature smooth sidewalls that are highly vertical in
the top ~70 nm. To further smooth the sidewalls, we perform multiple cycles of digital etch [3]. This consists of a self-limited
plasma oxidation/diluted H,SO, sequence that reduces the fin width by ~2 nm per cycle (Fig. 2). Three splits with 0, 2 and 4
cycles of digital etch are tested in this work. Immediately after digital etch, the sample is loaded into the ALD for gate dielectric
deposition. We separately used 13.5 nmof HfO, and 6 nm of AL,O; (both with EOT ~3.7-4 nm). Gating fromthe top facet of the
fin is suppressed by leaving in place the SiO, hard mask (>25 nmthick) that was used in their patterning. Sputtered Mo is used as
gate metal and patterned by RIE. Evaporated Mo/Ti/Au is used forsource and drain contacts and pads. The final step is annealing
in forming gas for 30 min at 400C. SEM cross-section ofa finished device is shown in Fig. 3. A typical device consists of 100 fins,
5 um in length, with fin widths (W ranging from 10 to 40 nm. The process splits examined in this work are summarized in Fig 4.

Output characteristics of a W=12 nm device are shown in Fig. 5. Well-behaved long-channel characteristics are obtained as a
result of good electrostatic control over the fin sidewalls. Subthreshold characteristics for different W ¢are shown in Fig. 6 along
with local subthreshold swing, S, and gate leakage. I, ¢ is a strong function of fin width. Split CV measurements at | MHz were
performed (Fig. 7) in order to extract carrier mobility (Fig. 8). We obtain values that are ~5-7 times lo wer than expected for the fin
doping level. This reveals the importance of sidewall scattering. The drop in mobility for narrow fins also governs the behav ior of
gm (inset of Fig. 8). Fig. 9 graphs the minimum subthreshold swing, Sy, as a function of W¢for HfO, vs. Al,O3 before and after
anneal. In all cases, S, drops as W¢shrinks. S, greatly improves after annealing. The effect of digital etch is similarly shown in
Fig. 10. Digital etch appears to significantly improve S in wider fins but notin very narrow fins.

In our doped-channel MOSFETs, once the fin is fully depleted, the ideal value of S is 60 mV/dec. The softer subthreshold
characteristics of Fig. 6 reveal the presence of D;; on the fin sidewalls. Since fins of different Weare depleted at a different surface
potential, tracing S, as a function of Wemaps the Dj; distribution across the bandgap. Thicker fins map Dj; closer to the valence
band. This is illustrated in Fig. 11 that depicts the effect of different D;; profiles on S for different W ¢ This is obtained from 2D
self-consistent Poisson — Schrodinger simulations. From the data of Fig. 9, we can therefore conclude that post-deposition anneal
significantly reduces Dj; across the entire band gap, while digital etch does not affect the minimum Dj; but impacts its rise towards
the valence band with increasing number of cycles reducing Dj; (Fig. 10). Similarly, ALL,O; and HfO, may reach the same
minimum Dy, however, in HfO,, D;; rises faster towards the VB (Fig. 9).

For split 3, using the mobility data, we derived the electron concentration in the fin as a function of gate bias and perform a
detailed extraction of Dj; across the bandgap by comparing with P-S simulations (Fig 12). A U-shape D;; distribution emerges that
provides excellent agreement with measurements over the entire range of Wy The D;; shape is consistent with previous
observations on planar MOSFET structures [4]. A minimum value of~3x10"? eV'em? close to the conduction band edge is
obtained. This bodes well for the viability of future Trigate MOSFETs that do not require a wide bandgap semiconductor barrier
layer on the sidewalls.

In summary, we demonstrate a new double-gate fin MOSFET to study the interfacial properties of InGaAs sidewalls. Fully
operational devices with fin widths as narrow as 12 nm are demonstrated. The combination of RIE and digital etch yields
sidewalls with interfacial quality that approaches that of planarsurfaces. RIE plus digitaletch exhibit clear merit for future sub-10
nm surface-channel InGaAs Trigate MOSFETs.

This work was funded by Sematech, a Technion-MIT Fellowship, and NSF E3S Center (#0939514). Devices fabricated in
MTL and EBL at MIT.
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Fig. 1 Device schematic (left) and process flow of double-gate MOSFET.
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Fig. 7 Split CV measurement of devices

with different fin widths (split 3).
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Fig. 2 Device layout (left) and 20 nm fin (inset). 40
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Fig. 5 Output characteristics of iy ¢ Subthreshold characteristics,
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Fig. 9 Minimum subthreshold swing
vs. WT for different dielectrics before
and after annealing (splits 3 and 4).
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Fig. 10 Left: M inimum subthreshold swing vs. W; for different digital etch cycles
(splits 1-3). Right: effect of digital etch on S (left scale), and the corresponding D
assuming full depletion (right scale) for three devices with W~26 nm.
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Fig. 11 Simulated S for different Wy
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Fig. 12 Comparison between measurement (split 3) and self-consistent 2D Poisson-Schrodinger simulations. Left: simulated
structure and electron density at threshold. Center: without Dj. Right: with the D distribution shown in the inset.




<<
  /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 false
  /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
    /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
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /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 true
  /GrayImageDownsampleType /Bicubic
  /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 true
  /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 "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


