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Abstract—The performance of a tunnel field effect transistor
(TFET) with a raised germanium (Ge) source region is investi-
gated via 2-D device simulation with a tunneling model calibrated
to experimental data. The comparison of various Ge-source TFET
designs shows that a fully elevated Ge-source design provides
for the steepest subthreshold swing and, therefore, the largest
ON-state drive current for low-voltage operation. Mixed-mode (dc
and ac) simulations are used to assess the energy-delay perfor-
mance. In comparison with a MOSFET, an optimized Ge-source
TFET is projected to provide for a lower energy per operation for
throughput in the frequency range of up to ∼1 GHz for sub-0.5-V
operation.

Index Terms—Band-to-band tunneling (BTBT), germanium
(Ge) source, raised source, tunnel field effect transistor (TFET).

I. INTRODUCTION

TUNNEL field-effect transistors (TFETs) are of interest
as an alternative transistor design for very low voltage

operation. Based on carrier injection via band-to-band tun-
neling (BTBT), TFETs can achieve subthreshold swing (S)
less than 60 mV/dec at room temperature, which allows for a
more aggressive reduction of the threshold voltage (VT ) and,
hence, the supply voltage (VDD) for a given performance target
[1]. Recent experimental demonstrations of Si TFETs [2] and
Ge-source TFETs [3] have shown sub-60-mV/dec switching
behavior. The Ge-source design achieves much higher ON-state
drive current (ION) because of the smaller band gap of the Ge
versus Si.

The conventional TFET is designed for lateral (parallel to
the semiconductor/gate-dielectric interface) tunneling in which
the BTBT occurs across the source-channel junction [4]. Al-
though it can achieve a steep subthreshold swing, this design
has fundamental limitations. Since the carrier injection occurs
over a very small area, ION is inherently small. Moreover, the
drain bias can modulate the tunnel barrier width, resulting in a
nonlinear output characteristic [5].
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The planar Ge-source TFET presented in [3] is designed for
vertical (perpendicular to the semiconductor/gate-dielectric in-
terface) tunneling in which the BTBT occurs within the source
region. At small gate biases, however, the lateral tunneling
occurs first, resulting in a small “kink” in the transfer character-
istic which effectively degrades the S [3]. This paper presents
an improved Ge-source TFET design in which this lateral
tunneling is suppressed to achieve steeper switching behavior
and higher ION for low-voltage (VDD < 0.5 V) operation. The
performance of this new TFET design is compared against that
of other Ge-source TFET designs via 2-D device simulation.
For a 30-nm gate length (LG), an optimized Ge-source TFET
is projected to provide for reduced energy per operation, as
compared to a MOSFET, for throughput in the frequency range
of up to ∼1 GHz for sub-0.5-V operation.

II. DEVICE STRUCTURES AND SIMULATION

Fig. 1(a) shows the planar Ge-source TFET design reported
in [3], which is fabricated by recessing the Si in the source
region before selectively growing 15 nm of in situ-doped p-type
Ge. Fig. 1(b) shows the partially elevated Ge-source design,
which can be fabricated by recessing the Si in the source region
and then overgrowing the in situ-doped Ge (by 10 nm) for
a total Ge thickness (TGe) of 25 nm. Fig. 1(c) shows the
fully elevated Ge-source design, which can be fabricated by
selectively growing a thin Si vertical offset layer before growing
the in situ-doped Ge in the source region.

For each of the TFET designs, the Ge source is heavily doped
p-type (NGe = 1019 cm−3), and the Si drain is heavily
doped n-type (1019 cm−3). The Si channel region is moderately
doped p-type (1018 cm−3) and is 100-nm thick to minimize
the OFF-state leakage current [6]. The underlying buried oxide
(SiO2) layer is 200-nm thick. LG is 30 nm, and the gate
dielectric equivalent SiO2 thickness (EOT) is 1 nm. The gate
material is metallic, with a work function of 4.0 eV. For the
planar source design, the gate-sidewall spacers (LSP) comprise
silicon nitride and are 8-nm wide; for the elevated source
designs, they comprise silicon dioxide and are 1-nm wide. For
the planar and partially elevated source designs, the gate-to-
source overlap (LOV) is 5 nm. For the fully elevated source
design, the Si vertical offset layer (TOFFSET) is 5-nm thick
and doped p-type (1018 cm−3). A fixed charge (∼1011 q/cm2)
at each dielectric/Ge interface is assumed [7].

The device simulations were performed with Sentaurus
Device [8] using a nonlocal BTBT model that dynamically
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Fig. 1. Schematic cross section of the (a) planar, (b) partially elevated, and (c)
fully elevated Ge-source TFETs, with (b) and (c) only showing the schematics
near the source region. Dominant directions of electron tunneling are indicated
by the arrows.

determines the tunneling paths according to the gradient of
the energy band and is applicable to arbitrary tunneling bar-
riers with a nonuniform electric field and abrupt or graded
heterojunctions. The Fermi statistics is assumed, and the drift-
diffusion carrier transport and Shockley-Read-Hall recombi-
nation models were used. The tunneling model was first
calibrated to experimental data [3] for a (nonoptimized) planar
Ge-source TFET, as shown in Fig. 2. Since the BTBT occurs
primarily within the Ge-source region, the modification of the
parameters for the Si was found to have little effect on the
device performance. The fitted A and B coefficients (A =
1.46 × 1017 cm−3 · s−1 and B = 3.59 × 106 V · cm−1) of the
tunneling model were then used to simulate the dc and ac
characteristics for the various Ge-source TFET designs.

III. DC CHARACTERISTICS

The dominant tunneling mode (lateral versus vertical) within
a TFET is strongly dependent on its geometry. At high gate
voltages, the vertical tunneling is dominant as indicated by the
arrows in Fig. 1 if the source is nondegenerately doped and
adequately thick (NGe = 1019 cm−3 and TGe = 15 nm) and if
there is significant gate-to-source overlap [4]. With a thin gate-
sidewall dielectric, the vertical tunneling can be induced within
the elevated Ge in the partially elevated and fully elevated
source structures, resulting in increased ION (see Fig. 2). At low
gate voltages, the lateral tunneling can occur from the lower
corner of the Ge source to the Si channel if the drain voltage
induces a significant potential drop across the channel-source
junction. This is the case for the planar and partially elevated
source structures; the device first turns on with the lateral
tunneling and then transitions to the predominantly vertical tun-
neling so that the average S is degraded. For the fully elevated

Fig. 2. Simulated transfer characteristics for planar, partially elevated, and
fully elevated Ge-source TFETs. Experimental data from [3] and the corre-
sponding simulated curve using the calibrated model are shown for reference.
Inset: simulated output characteristics for planar (TGe = 15 nm), partially el-
evated (TGe = 25 nm), and fully elevated (TGe = 65 nm) Ge-source TFETs.
VON is defined as the gate voltage at the onset of BTBT, which is extracted by
determining the gate voltage at which the transconductance increases by more
than an order of magnitude.

source structure, the lateral tunneling is suppressed because the
potential drop across the source-channel junction is relatively
small. This is because the drain voltage is dropped laterally
within the Ge source rather than across the source-channel
junction, thus electrostatically coupling with VGS to maximize
the BTBT within the source. A vertical offset (TOFFSET >
0 nm) is necessary to achieve this effect.

IV. ENERGY-DELAY PERFORMANCE

It can be seen from Fig. 2 that the fully elevated Ge-
source TFET design offers the highest ION/IOFF ratio and
that ION increases with Ge thickness. However, increasing TGe

increases the total gate capacitance (CGG) which compensates
the effect of increasing ION with regard to the switching speed.
(This tradeoff is favorable when the device drives a significant
interconnect capacitance.) Fig. 3 shows the CGG−VGS curves
obtained from the ac simulations. In the OFF state, the total gate
capacitance is dominated by the gate-to-(p+) source capaci-
tance (CGS) due to the accumulation of holes at the gate dielec-
tric interface in the source and channel regions. In the ON state,
the total gate capacitance is dominated by the gate-to-(n+)
drain capacitance (CGD) due to the inversion layer of the elec-
trons at the gate dielectric interface in the channel region [9].

Using the dc and ac simulation results, the energy-delay
performance of each TFET structure is evaluated using the
methodology described in [1]. The fully elevated Ge-source
design is projected to achieve the best delay because of
its higher ION [see Fig. 4(a)], saturating for TGe > 45 nm.
The best energy-versus-delay (1/frequency) performance is
achieved with TGe = 25 nm [see Fig. 4(b)]. The curves for
the 22-nm LG MOSFET [10] are also shown in Fig. 4 for
comparison. The TFET is not favorable for operation at high
frequencies (> 1 GHz) because it cannot achieve very high ION.
At lower frequencies, however, the fully elevated Ge-source
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Fig. 3. Simulated gate capacitance versus gate voltage (CGG–VGS) char-
acteristics for planar, partially elevated, and fully elevated Ge-source TFETs.
CGG is dominated by CGS in the OFF state and by CGD in the ON state. VON

is defined as the gate voltage at the onset of BTBT.

Fig. 4. Simulated (a) minimum-energy delay versus VDD and (b) energy/
cycle versus frequency of the TFETs versus MOSFET for a 30-stage FO1
inverter chain (activity factor = 0.01). Projections are indicated by the dotted
lines.

TFET can achieve better energy efficiency than the MOSFET.
This is because the TFET can operate at a substantially lower
VDD (corresponding to the subthreshold regime of operation of
the MOSFET) with a steeper swing. A reasonable performance
(> 100 MHz) is projected for the fully elevated Ge-source
TFET design, for VDD down to 0.1 V. It should be noted that
the fully elevated Ge-source TFETs can be scaled down to
10 nm in gate length without the OFF-state leakage degradation
associated with conventional TFETs [11], due to the longer
effective channel length provided by the Si vertical offset layer
[see Fig. 1(c)].

V. CONCLUSION

A fully elevated Ge-source TFET design provides for an
improved energy-delay performance, in comparison to planar
or partially elevated Ge-source TFET designs. Based on
2-D device simulation using a tunneling model calibrated to
experimental data, an optimized Ge-source TFET is projected
to provide for energy efficiency superior to that of the MOSFET
for operating voltages below 0.5 V. Thus, the fully elevated
Ge-source TFET is a promising device for ultralow-power ap-
plications. It should be noted that complementary approaches,
e.g., employing “pocket” doping for achieving a high ION in
TFETs [12], [13], may allow the energy efficiency benefit of
TFET technology to be extended to frequencies above 1 GHz.
Moreover, the interconnect power savings due to low VDD

operation are not considered in this letter.

ACKNOWLEDGMENT

The authors would like to thank Prof. S. Salahuddin,
A. Bowonder, and P. Patel for their helpful discussions.

REFERENCES

[1] H. Kam, T.-J. K. Liu, E. Alon, and M. Horowitz, “Circuit-level require-
ments for MOSFET-replacement devices,” in IEDM Tech. Dig., 2008,
pp. 427–428.

[2] W. Y. Choi, B.-G. Park, J. D. Lee, and T.-J. K. Liu, “Tunneling field-effect
transistors (TFETs) with subthreshold swing (SS) less than 60 mV/dec,”
IEEE Electron Device Lett., vol. 28, no. 8, pp. 743–745, Aug. 2007.

[3] S. H. Kim, H. Kam, C. Hu, and T.-J. K. Liu, “Ge-source tunnel field effect
transistors with record high ION/IOFF,” in VLSI Symp. Tech. Dig., 2009,
pp. 178–179.

[4] W. Vandenberghe, A. S. Verhulst, G. Groeseneken, B. Soree, and
W. Magnus, “Analytical model for point and line tunneling in a tunnel
field-effect transistor,” in Proc. SISPAD, Sep. 2008, pp. 137–140.

[5] K. Boucart and A. M. Ionescu, “A new definition of threshold voltage
in tunnel FETs,” Solid State Electron., vol. 92, no. 9, pp. 1318–1323,
Sep. 2008.

[6] S. H. Kim, Z. A. Jacobson, and T.-J. K. Liu, “Impact of body doping and
thickness on the performance of Germanium-source TFETs,” IEEE Trans.
Electron Devices, vol. 57, no. 7, pp. 1710–1713, Jul. 2010.

[7] D. Kuzum, A. J. Pethe, T. Krishnamohan, and K. C. Saraswat, “Ge (100)
and (111) N- and P-FETs with high mobility and low-T mobility char-
acterization,” IEEE Trans. Electron Devices, vol. 56, no. 4, pp. 648–655,
Apr. 2009.

[8] Sentaurus User’s Manual, Synopsys, Inc., Mountain View, CA, 2009.
[9] S. Mookerjea, R. Krishnan, S. Datta, and V. Narayanan, “On enhanced

Miller capacitance effect in interband tunnel transistors,” IEEE Electron
Device Lett., vol. 30, no. 10, pp. 1102–1104, Oct. 2009.

[10] International Technology Roadmap for Semiconductors (ITRS), 2007.
[Online]. Available: http://public.itrs.net

[11] K. Boucart and A. M. Ionescu, “Length scaling of the double gate tunnel
FET with a high-K gate dielectric,” Solid State Electron., vol. 92, no. 11,
pp. 1500–1507, Nov. 2007.

[12] C. Hu, D. Chou, P. Patel, and A. Bowonder, “Green transistor: A VDD

scaling path for future low power ICs,” in Proc. Int. Symp. VLSI-TSA,
Apr. 2008, pp. 14–15.

[13] A. Bowonder, P. Patel, K. Jeon, J. Oh, P. Majhi, H.-H. Tseng, and C. Hu,
“Low-voltage green transistor using ultra shallow junction and hetero-
tunneling,” in Proc. 8th IWJT Ext. Abstr., May 2008, pp. 93–96.



<<
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /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 false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


