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Abstract — Enhancement-mode (E-mode) n-channel InP
metal-oxide-semiconductor field-effect-transistors
(MOSFETSs) with 0.75 to 40pm gate length fabricated on
semi-insulating substrate and p-type doped InP epi-layers
with atomic-layer-deposited (ALD) AlL,O3; and HfO, as gate
dielectrics are demonstrated. The ALD process on IlI-V
compound semiconductors enables the formation of high-
quality gate oxides and unpinning of Fermi-level on
compound semiconductors. Al-um gate-length E-mode n-
channel MOSFET with a HfO, gate oxide thickness of @ nm
shows a maximumdrain current of 130 mA/mm and atrans-
conductance of # mS/mmat the highest gate biasf 6 V.

Keywords - ALD, high-k, 111-V compound seminconductors,
MQOSFET

I.  INTRODUCTION
Finding a suitable gate dielectric to make IlI-V meggide-

ALD approach is an ex-situ, robust, and manufacturable
method demonstrated by Si industry. Compared to ICL
approach, it avoids the complication of C-V data interpratati
and potential Si/Ge interdiffusion into IlI-V at high
temperature process. In this paper, we demonstrate that
inversion-type E-mode n-channel MOSFETs on semi-
insulating InP substrates with maximum drain current of ~130
mA/mm using ALD HfQ as high-k gate dielectric. We also
report on device performance dependence on the doping
concentration of the InP channel layers. InP is a widely
studied IlI-V compound semiconductor with a high electron
saturation velocity (210'cm/s). Detailed Monte-Carlo
simulations of deeply scaled n-MOS devices indicate dhat
InP channel could enable high-field transconductance ~60%
higher than either Si, Ge, or GaAs at equivalent channgtie

2 1t is also believed that InP is a more forgiving malein
terms of Fermi level pinning, compared to G&A%
Compared to recently demonstrated world-record InGaAs

semiconductor (MOS) devices has been regarded as sngwethMOSFETs_' InP has wider bandga_p an(_j ShOUId. not hgve issues
of a “holy grail” in I1-V compound semiconductor research related with band-to-band-tunneling, impact ionization, and

community. Lacking a suitable gate insulator, practitdal/
metal-oxide-semiconductor field-effect

transistors
(MOSFETSs) remain all but a dream for more than four I

low On/Off ratio.

SAMPLE FABRICATION

decades:* Heterogeneous integration of novel dielectrics and

novel channel materials has recently gained

attention as a necessity to further drive Si complementa
metal-oxide-semiconductor (CMOS) integration, functiona

increasing,

2,

[Structure of an ALD AIO; or HfO, InP MOSFET fabricated

1 shows the schematic cross section of the device

density, speed and power dissipation, and to extend CMO®! InP semi-insulating substrate or p-type epitaxiallatyers.

front-end fabrication to and beyond the 22-nm node.
successful deposition of highdielectrics on Si at relatively

low temperatures has raised the hope for extending the
approach to Ill-V compound semiconductors. For the first

time in history, the latest edition of the ITRS roagmafers

compound semiconductor based transistors as a “nonclassical” X
CMOS solution to continue long term scaling according to

Moore’s law. Enormous research efforts are buildingvodd
wide again at finding ways to fabricate 11I-V MOSFET$ngs
CMOS technology>?*

In terms of 1lI-V gate dielectrics, three major apgches are
focused currently by

surface treatment® (2) molecular beam expitaxy (MBE)
grown GaO; and GdOs; °"°*{3) using Si or Ge interface

industry and academia: (1) the
conventional ALD high-k dielectric process with appropriate

The
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or HfO,
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Structure 1: A and B is semi-insulating substrate

Structure 2: Ais InP, 300 nm thick and 1x10""/cm® p-doping
B is InP, 500 nm thick and 4x10*"/cm? p-doping

Structure 3: Ais InP, 300 nm thick and 2x10"'/cm® p-doping
B is InP, 500 nm thick and 1x10**/cm® p-doping

compound semiconductots®*2Compared to MBE approach,

with ALD Al ,0; and HfQ as gate dielectrics.



energy separation between conduction band minimum (CBM)
After surface degreasing and (NkB-based pretreatment, the and charge neutrality level (CNL) for InP is 0.5 eV indte&
wafers were transferred via room ambient to an ASM F-120.8 eV for GaAs. This makes it easier for InP to ireal
ALD reactor. A 30 nm thick AD; layer was deposited at a inversion, compared to GaAs.
substrate temperature of 300 using alternately pulsed
chemical precursors of Al(GHt (the Al precursor) and 4@
(the oxygen precursor) in a carriep Nas flow. Source and 120
drain regions were selectively implanted with a Si dose of 100, HfO, (10nm)/InP NMOSFET v <av
1x10™ cm? at 140 keV through the 30 nm thick,@% layer. ] L=lum o
Implantation activation was achieved by rapid thermal ahne
(RTA) at 720°C for 10s in a nitrogen ambient. The,@}
encapsulation layer was removed by HF angDAlor HfO,
gate dielectrics were grown by ALD again with the thidse
between 4nm to 10 nm. The source and drain ohmic contacts 8 497
were made by an electron beam evaporation of a comninati ] ®
of AuGe/Pt/Au and a lift-off process, followed by a RTA
process at 500C for 30s also in a Nambient. The gate 04
electrode was defined by electron beam evaporation of Ti/Au . . . . . . 2
and a lift-off process. The fabricated MOSFETs have a 00 05 10 15 20 25 30 35
nominal gate length varying from 0.5 to 40um and a gate VdS(V)
width of 100 um. Figure 2 shows the detailed fabrication

process flow?2*

gs
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Fig. 3 Drain current vs. drain bias as a function of gate far
1 pm InP MOSFET with 10 nm regrown HjOas gate

° ;S;\lllizfe;cg clean and pretreatment dielectric (Structure 1).
4)2:
®  Deposition of 30 D; usi . .
AEE;’S' fon of 30nm AD, using Fig. 4 shows the transfer characteristics ofQAland HfQ
® |on Implantation (Si 35Kev, X INP NMOSFETSs. The Hf@device has 130 mA/mm maximum
10%%enf) drain current versus 75 mA/mm maximum drain current for
i 'focst'e‘éat'on using RTA 720C for Al,O; device due to the effect of “high-k”. At the samatey
®  For regrown oxide, etch away bias, the capacitance or the surface electric field in
oxide using BHF and regrow semiconductors is larger .for high-k. That’; Why KIfO '
8nm ALO; or HfO; and PDA MOSFET shows higher drain current though its thickness is
®  S/D region patterning and metal 10 nm, 2 nm more than ADs. It is a balance between high-k
deposition AuGe/Ni/Au and . : . .
RTA value and maximum electric strength. The higher k value is,
®  Gate region patterning and meta| the lower the maximum electric strength. The real figdre-o
deposition Ni/Au merit is related with the product of high-k value and maximum
electric strength.

Fig. 2 Fabrication process flow for E-mode high-k/InP
MOSFETs. 30 nm thick AD; is used as an encapsulation
layer for dopant activation process, while thin regrowsOAl

140
INP NMOSFETs

and HfQ is used as high-k gate dielectrics. 120+ Lg=lum
T 1 v =2v
lll.  RESULTS ANDDISCUSSIONS g 804
- £ e0{ —o— HfO,(10nm)
A well-behaved |-V characteristic of an E-mode InP et

NMOSFET with 10 nm Hf@ as gate dielectric is a0 —o— A0, (8nm)
demonstrated in Fig. 3 with maximum drain current over 100

mA/mm at V=3V and \,=4V. The device was simply

fabricated on semi-insulating InP substrate (Structures1l a 0 .
shown in Figure 1). The device is off ag¥0 V without B 0 2 4 6
significant drain-source leakage current or substratesgurr V. (V)

gs

due to the high bandgap of InP. In general, it is surprised to

obtain 100 mA/mm level drain current on InP substrate since_ o

only a few hundreds qfm/mm drain current was observed on Fig.4 Measured transfer characteristics of H&0d AbO; InP
GaAs without ICL layer. We ascribe it to the fact thiae t MOSFETs with im gate length and ¢=2V (Structure 1).



The transconductance of HFMOSFET is also higher than ultimate CMOS 22nm or beyond which requires the gate oxide
Al,O; MOSFET as shown in Fig. 5. If we suppose thethickness or dielectric equivalent oxide thickness (EOTY les
interface trap density Dof Al,O; and HfG on IlI-V is than 1nm. To fulfill this requirement, the feasible stuuetis

comparable, the saturation velocity on InP should be a&imil the high-k dielectrics on surface channel enhancement-mode
The big different in peak transconductancg & from the devices.

difference of gate capacitance. With similar oxide thicknes
and geometry, the k-value of the oxide is the most important

factor.
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¢ Fig.7 Drain current scalability with gate length downltpm
Fig. 5 Measured transconductance versus gate bias @) Hf of InP MOSFETS on semi-insulating substrates.
?/nd—ZQ\/b(OSStrIEEtu';gOSFETS with with im gate length and Similar devices were also fabricated on MOCVD grown InP
ds~ : epi-wafers with p-type doping concentration of 1Xidr’®
e . . . (Structure 2) and 2xi0cm®. The maximum drain current
The “high-k” effect illustrate clearly in split-CV measment
of theseg two devices as shown in)I/:ig. 6pwhere the capaeit drops to 17'mA/.mm (Structure 3) a}nd 20 WA’mm (Structure .2)
value of HfQ (10nm) device is more than 60% higher thanﬁzszr\z\(’jn Iri]n Flging'alge r&%JIStF'Ef?n.IS.Eéem Vt\jglri]tavt\;cgt IS
Al,O; (8nm) device. That leads to 60% highey, 8r HfO, : : o . q :
MOSFET, compared to AD; MOSFET as measured in Fig.5 understanding of this observation is that more surface bgndin
’ P 3 9> s required for high doping channels to realize strongrision
condition. In other words, for p-type doped InP, Felenil is
located near the valence band maximum. If the Fermi-level
and CNL is aligned at the first place, more negatiarges
Split-CV (100 KHz) are built in at the interface which makes further iners
Area (15500 pm?) more difficult.
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Fig.6 Split CV measurement on Hfénd ALO; InP
MOSFETSs on semi-insulating substrates. 0 — T T
Due to the surface channel nature of these E-mode InP Structure #

MOSFETSs, the drain current and,Gcales well down to 1 Fia8 C . f . drai t with differkm
mm as depicted in Fig. 7. The surface channel device steuct C;]%nnefrgga{ésorlgngiﬁg;ﬁ V\:ﬁ‘;}” g{:”:g Ve\:te dlietla(;ctric
is extremely important for scalable novel devices tamgeor pIng 2 ) '

post-CMOS application. The application of this rese&dbor g,::g;ﬂtrénl Structure 2 and Structure 3 is lower ttaat in



V. CONCLUSION
We demonstrate here the use of ALD high-k dielectacgte

Transconductance Exceeding 250 mS/mIBEE Electron Devices Lett., vol.
28, pp. 100-1022007.
[12] Y. Sun, E.W. Kiewra, S.J. Koester, N. Ruiz, @allegari, K.E. Fogel,

fabrication of E-mode InP MOSFETSs exhibiting well-behavedD.K. Sadana, J. Fompeyrine, D.J. Webb, J.-P. Ldcgde Sousa, and R.

transistor characteristics. These results suggest
opportunities for evaluating and applying InP as a nowg#-hi
mobility channel material
applications.
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