
196 IEEE ELECTRON DEVICE LETTERS, VOL. 34, NO. 2, FEBRUARY 2013

High-Speed E-Mode InAs QW MOSFETs With
Al2O3 Insulator for Future RF Applications

Dae-Hyun Kim, Tae-Woo Kim, Richard J. W. Hill, Chadwin D. Young, Chang Yong Kang,
Chris Hobbs, Paul Kirsch, Jesus A. del Alamo, and Raj Jammy

Abstract—We demonstrate Lg = 100 nm high-speed
enhancement-mode (E-mode) InAs quantum-well MOSFETs with
outstanding high-frequency and logic performance. These devices
feature a 3-nm Al2O3 layer grown by atomic layer deposition.
The MOSFETs with Lg = 100 nm exhibit VT = 0.2 V (E-mode),
RON = 370 Ω · μm, S = 105 mV/dec, DIBL = 100 mV/V,
and gm_max = 1720 μS/μm at VDS = 0.5 V. They also have
an excellent high-frequency response of fT = 248 GHz and
fmax = 302 GHz at VDS = 0.5 V, the highest fT and fmax in
III–V MOSFETs ever reported.

Index Terms—Cutoff frequency (fT ), drain-induced barrier
lowering (DIBL), InAs, logic, MOSFET, ON resistance (RON),
subthreshold swing (S).

I. INTRODUCTION

A S THE heterogeneous integration of novel technologies,
including compound semiconductors, MEMS, and pho-

tonic devices, has matured on a large-diameter silicon plat-
form, the single-chip integration of RF, communication, and
logic blocks on a system-on-chip (SOC) platform has become
increasingly appealing [1], [2]. Historically, III–V-based high-
electron-mobility transistors (HEMTs) have offered a record
high-frequency performance, as assessed by current-gain cut-
off frequency (fT ), maximum oscillation frequency (fmax),
and minimum noise figure (NFmin), due to the superior car-
rier transport properties of III–V channel materials. To date,
In0.7Ga0.3As HEMTs on GaAs substrates have exhibited the
best balanced high-frequency response (high fT and high fmax)
of any transistor technology [3].

Recently, these materials have started showing great promise
for new ultralow-power and high-density III–V CMOS logic
technologies [4]. In the last few years, the quality of high-k
dielectric/channel interfaces in III–V MOSFETs formed by
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atomic layer deposition (ALD) has been dramatically im-
proved [5]–[9], making this technology promising for fu-
ture scaled III–V CMOS devices. The best III–V MOSFET
features RON = 440 Ω · μm, gm_max = 1750 μS/μm, S =
100 mV/dec, and DIBL = 130 mV/V at VDS = 0.5 V [5].

A critical problem with III–V HEMTs that has received little
attention is harmonious scaling, in which all the physical di-
mensions and electrical device parameters scale proportionally
with the channel length. However, there are two fundamental
bottlenecks for the absence of any significant scaling of III–V
HEMTs in the last ten years: gate leakage current and barrier
tunneling resistance (RBarrier) [10]. Without scaling the barrier
thickness and RS , gate length scaling in III–V HEMTs re-
sults in diminished performance, particularly transconductance
(gm). This increases the extrinsic and parasitic delay contribu-
tions to the total delay which hurts the overall high-frequency
response [3]. Now, the ultimate pathway to overcome both
limitations is the high-k-dielectric-based III–V MOSFET archi-
tecture [4], which not only allows the aggressive EOT scaling
but also minimizes RBarrier significantly. Moreover, these are
attractive to achieving enhancement-mode (E-mode) devices,
where III–V HEMTs with E-mode suffer from excessive gate
leakage current, limiting their applications.

In this letter, we report on Lg = 100 nm InAs quantum-
well (QW) MOSFETs with an Al2O3 insulator. We show how
III–V MOSFET architecture overcomes the aforementioned
challenges, yielding a well-balanced high-frequency response
and excellent logic performance in scaled InAs MOSFETs.

II. PROCESS TECHNOLOGY

A cross section of our device structure is shown in Fig. 1.
From top to bottom, the epitaxial layer consists of a heavily
doped 10-nm In0.53Ga0.47As cap, a 2-nm InP etch stopper,
a 10-nm In0.53Ga0.47As/InAs/In0.53Ga0.47As channel, a 5-nm
In0.52Al0.48As spacer, inverted Si δ doping, and a 300-nm
In0.52Al0.48As back barrier or buffer on an InP substrate. From
the Hall calibration wafer, the electron mobility (μn,Hall) was
8000 cm2/V · s with ns = 1 × 1012/cm2 at room temperature.

Devices were fabricated much like previously reported In-
GaAs MOSFETs [9], with thinner cap thickness to tightly
control the side recess spacing on both edges of the gate.
Fabrication began with mesa isolation and source/drain ohmic
contact with nonalloyed Mo/Ti/Mo/Au ohmic metal stack and
1-μm spacing (LGS = LGD = 0.5 μm). After growing 20 nm
of SiO2 by PECVD, a fine gate pattern with single-layer ZEP-
520A was defined by e-beam lithography and transferred to the

0741-3106/$31.00 © 2013 IEEE



KIM et al.: HIGH-SPEED E-MODE InAs QW MOSFETs WITH Al2O3 INSULATOR 197

Fig. 1. (Left) Device schematic and (right) TEM image for the cross section of 100-nm InAs MOSFETs with Al2O3 = 3 nm.

Fig. 2. DC subthreshold characteristics of Lg = 100 nm InAs MOSFETs.
Inset on the right shows IG against VGS for InAs MOSFET with Al2O3

and III–V HEMTs with various values of tins. Inset on the left shows output
characteristics.

SiO2 layer using plasma etching. Subsequently, a gate recess
process was carried out, using a diluted mixture of citric acid,
H2O2, and H2O. Immediately after removing the e-beam resist
using solvents (NMP, acetone, IPA, and ethanol), 3 nm of ALD
Al2O3 was grown on top of the 2-nm InP layer. Finally, a Pd/Au
gate metal was formed. Fig. 1 shows a TEM image for the
cross section of an Lg = 100 nm device with Al2O3 = 3 nm.
The TEM image clearly reveals tight control of the side recess
spacing (Lside) on each edge of the gate.

III. RESULT AND DISCUSSION

The subthreshold characteristics of a representative Lg =
100 nm InAs QW MOSFET are shown in Fig. 2. Defin-
ing threshold voltage (VT ) as the value of VGS that yields
ID = 1 μA/μm, the device exhibits E-mode operation with
VT = 0.2 V at VDS = 0.5 V. More importantly, the device
demonstrates excellent short-channel controls as manifested by
a subthreshold swing (S) of 105 mV/dec and drain-induced
barrier lowering (DIBL) of 100 mV/V at VDS = 0.5 V. As
shown in the inset of Fig. 2, the gate leakage current (IG) is
less than 1 nA/μm at all the measured bias conditions. This is at
least 105 times lower than that in III–V HEMTs at forward-gate
bias regime. OFF-state breakdown voltage (BVOFF) is −2.5 V.
The device also displays excellent pinchoff characteristics
up to VDS = 0.6 V and a low ON resistance (RON) of

Fig. 3. |h21|2, Mason’s unilateral gain Ug , and MAG, against frequency for
Lg = 100 nm InAs MOSFETs at VGS = 0.7 V and VDS = 0.5 V. Inset shows
fT extraction by Gummel’s approach [11].

370 Ω · μm at VGS = 0.8 V. This outstanding RON contributes
to the maximum transconductance (gm,max) = 1720 μS/μm at
VDS = 0.5 V.

Microwave performance was characterized with an off-
wafer line–reflection–reflection–match calibration from 0.5 to
50 GHz. On-wafer open and short structures were used to
subtract pad capacitances and inductances from the measured
device S-parameters. Fig. 3 plots h21, maximum available gain
(MAG), and Mason’s unilateral gain (Ug) against frequencies
for the Lg = 100 nm device with WG = 2 × 20 μm at VGS =
0.7 V and VDS = 0.5 V. In this particular measurement, fT =
248 GHz and fmax = 302 GHz were obtained by extrapolating
|h21|2 and Ug with a slope of −20 dB/dec using a least squares
fit. The value of fT in our device was also verified by Gummel’s
approach (inset) [11], yielding fT = 248 GHz. To the knowl-
edge of the authors, these are the best combination of fT and
fmax at VDS = 0.5 V, ever reported in any III–V MOSFET
technology, and approach to advanced III–V HEMTs with
similar gate lengths. Furthermore, the short-circuit current gain
(|h21|2) in low-frequency regime displays about −20-dB/dec
slope even with VGS = 0.7 V. This is another manifestation
of the benefit of using Al2O3 dielectric as a gate insulator,
since it dramatically reduces IG, as opposed to conventional
HEMTs with a Schottky gate, making it of great interest to RF
applications.



198 IEEE ELECTRON DEVICE LETTERS, VOL. 34, NO. 2, FEBRUARY 2013

Fig. 4. (a) RON as a function of Lg for our InAs MOSFETs and (inset) simple model for Rs and (b) extracted components for Rs which arise from TLM and
RON analysis.

Plotting the RON values from a number of identical devices
with different gate lengths allows us to evaluate the source re-
sistance (RS). Fig. 4(a) shows the extracted RON as a function
of Lg . In principle, RON consists of RDS (sum of RS and
RD) and Rch (channel resistance under the gate), where Rch is
proportional to Lg . As a result, RDS can be extracted from the
Y -intercept. This process yields a value of RDS = 320 Ω · μm
in our family of devices. To understand and decompose the
constituent components of RS , we have used a simple model in
[10], as shown in the inset of Fig. 4(a). Here, Rc is the contact
resistivity between the nonalloyed ohmic metal and heavily
doped InGaAs cap, Racc is the access resistivity between the
ohmic metal and gate, and RBarrier is the resistivity through
the 2-nm InP etch stopper between the cap and channel. Values
of Rc = 35 Ω · μm and Racc = 90 Ω · μm were obtained from
the separate TLM measurements, and therefore, RBarrier was
estimated to be around 35 Ω · μm. Finally, each component
of Rs in our InAs MOSFETs was compared to that in III–V
HEMTs [10], as shown in Fig. 4(b). As would be expected
from the InAs MOSFET architecture, RBarrier is negligible in
comparison to that in III–V HEMTs [10]. From this analysis,
we find that Racc is the dominant component of Rs in our
InAs MOSFETs, accounting for 56% of the total value. Further
optimization in the form of a self-aligned design should lead to
significant reductions in Rs.

IV. CONCLUSION

We have demonstrated E-mode Lg = 100 nm InAs QW
MOSFETs with an Al2O3 insulator. These devices exhibit
excellent logic characteristics at VDS = 0.5 V, such as VT =
0.2 V, DIBL = 100 mV/, S = 105 mV/dec, RON = 370 Ω ·
μm, and gm_max = 1720 μS/μm. These devices also fea-
ture a well-balanced high-frequency response (fT = 248 GHz
and fmax = 302 GHz). This outstanding performance arises
from aggressive EOT scaling using Al2O3 insulator. Our work
demonstrates that, with further device optimization in the form
of self-aligned ohmic contacts, the InAs MOSFET architecture
will be a strong contender for next-generation RF and SOC
applications.

ACKNOWLEDGMENT

The authors would like to thank Dr. W. Maszara of
GLOBALFOUNDRIES for the technical leadership.

REFERENCES

[1] S. Raman, C. L. Dohrman, T.-H. Chang, and J. S. Rodgers, “The DARPA
Diverse Accessible Heterogeneous Integration (DAHI) program: Towards
a next-generation technology platform for high-performance microsys-
tems,” in Proc. CS MANTECH Conf., 2012, pp. 10–13.

[2] C.-H. Jan, M. Agostinelli, H. Deshpande, M. A. El-Tantani, W. Hafez,
U. Jalan, L. Janbay, M. Kang, H. Lakdawala, J. Lin, Y.-L. Lu, S. Mudanai,
J. Park, A. Rahman, J. Rizk, W.-K. Shin, K. Soumyanath, H. Tashiro,
C. Tsai, P. VanDerVoorn, J.-Y. Yeh, and P. Bai, “RF CMOS technology
scaling in high-k/metal gate era for RF SOC (system-on-chip) applica-
tions,” in Proc. IEDM, 2010, pp. 27.2.1–27.2.4.

[3] D.-H. Kim, B. Brar, and J. A. del Alamo, “ fT = 688 GHz and fmax =
800 GHz in Lg = 40 nm In0.7Ga0.3As MHEMTs with gm_ max >
2.7 mS/μm,” in Proc. IEDM, 2011, pp. 13.6.1–13.6.4.

[4] J. A. del Alamo, “Nanometre-scale electronics with III–V compound
semiconductors,” Nature, vol. 479, no. 7373, pp. 317–323, Nov. 2011.

[5] M. Radosavljevic, B. Chu-Kung, S. Corcoran, G. Dewey, M. K. Hudait,
J. M. Fastenau, J. Kavalieros, W. K. Liu, D. Lubyshev, M. Metz,
K. Millard, N. Mukherjee, W. Rachmady, U. Shah, and R. Chau,
“Advanced high-k gate dielectric for high-performance short-channel
In0.7Ga0.3As quantum well field effect transistors on silicon for low
power logic applications,” in Proc. IEDM, 2009, pp. 1–4.

[6] M. Radosavljevic, B. Chu-Kung, S. Corcoran, G. Dewey, M. K. Hudait,
J. M. Fastenau, J. Kavalieros, W. K. Liu, D. Lubyshev, M. Metz,
K. Millard, N. Mukherjee, W. Rachmady, U. Shah, and R. Chau, “Non-
planar, multi-gate InGaAs quantum well field effect transistors with high-
k gate dielectric and ultra-scaled gate-to-drain/gate-to-source separation
for low power logic applications,” in Proc. IEDM, 2010, pp. 6.1.1–6.1.4.

[7] R. Terao, “InP/InGaAs composite metal–oxide–semiconductor field ef-
fect transistors with regrown source and Al2O3 gate dielectric exhibiting
maximum drain current exceeding 1.3 mA/μm,” Appl. Phys. Exp., vol. 4,
no. 5, pp. 054201-1–054201-3, May 2011.

[8] M. Egard, L. Ohlsson, B. M. Borg, F. Lenrick, R. Wallenberg,
L.-E. Wernersson, and E. Lind, “High transconductance self-aligned gate-
last surface channel In0.53Ga0.47As MOSFET,” in Proc. IEDM, 2011,
pp. 13.2.1–13.2.4.

[9] T.-W. Kim, R. J. W. Hill, C. D. Young, D. Veksler, L. Morassi,
S. Oktybrshky, J. Oh, C. Y. Kang, D.-H. Kim, J. A. del Alamo,
C. Hobbs, P. D. Kirsch, and R. Jammy, “InAs quantum-well MOSFET
(Lg = 100 nm) with record high gm, fT and fmax,” in VLSI Symp. Tech.
Dig., 2012, pp. 179–180.

[10] N. Waldron, D.-H. Kim, and J. A. del Alamo, “A self-aligned InGaAs
HEMT architecture for logic application,” IEEE Trans. Electron Device,
vol. 57, no. 1, pp. 297–304, Jan. 2010.

[11] H. K. Gummel, “On the definition of the cutoff frequency fT,” Proc.
IEEE, vol. 57, no. 12, p. 2159, Dec. 1969.



<<
  /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


