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Abstract

This paper describes the development of 30nm
enhancement-mode Ing53Gag47As MOSFETs grown on Si
substrates featuring Al,O;/InAlAs composite gate stack with
extrinsic transconductance of 1700mS/mm at V4=0.5V and
on-resistance of 157 Q-um. A low-temperature process of
post metallization annealing has been developed to achieve
enhancement-mode operation. Capacitance-Voltage
measurements and TEM observation were carried out to
investigate the mechanisms of threshold voltage shift.
Furthermore, device scalability down to 30nm is reported.

Introduction

Because of the low electron effective mass and associated
high mobility/carrier velocity, InGaAs related III-V
compounds are gaining increasing attention as alternative n-
channel materials for Post-Si CMOS [1]. Although surface-
channel design is desirable from the scaling point of view,
the effective channel mobility is jeopardized by the
problematic high-k/III-V interface [2]. One strategy to
resolve this issue is burying the channel beneath a thin wide-
bandgap material, such as InAlAs or InP upper barrier.
Compared with InP, Ings;Aly4gAs offers much larger band
offset with InGaAs quantum well, thus better carrier
confinement. In growth, it is more challenging to achieve
high interfacial quality at InGaAs/InP, which requires
switching of two different group V elements. Reported
research indicated that the inverted InGaAs/InP interface
tends to be compositionally graded and shows surface
undulations [3], whereas the InGaAs/InAlAs one is flat and
abrupt. Therefore, the use of high-k/InAlAs composite as
gate stack in III-V MOSFETs is a good option to explore.
Using scaled Si MOSFETs for baseline comparison, III-V
MOSFETs with deeply scaled physical gate length are being
investigated and significant progress has been made in
InGaAs MOSFET with gate lengths in the 50-100nm range
[4-6]. However, there are few reports on high performance
sub-50nm devices [2]. Recently, we have demonstrated
30nm depletion-mode Ings3GagqAs MOSFETs  with
Ing51Alg49As upper barrier [7]. But the weakened gate
electrostatic control is also a well-known drawback of the
buried channel design. In this paper, we report a low-
temperature process of post-metallization-annealing (PMA)
to achieve enhancement-mode (E-mode) operation.
Significantly improved on-state and off-state performance
are demonstrated compared to our previously reported work.
Meanwhile, a high effective mobility (y.s) up to 5068
cm?/V-s was obtained due to the buried channel.
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Material Growth and Device Fabrication

The Ing 51Alg49As/Ing 53Gag 47As buried quantum-well (QW)
structure was grown on exact-(001)-orientated Si substrates
using an Aixtron 200/4 MOCVD system. Fig.la depicts the
cross-sectional schematic of the nominal layered device
structure. A simulated band diagram with corresponding
electron distribution is illustrated in Fig.1b. Fig.lc and
Fig.1d show the cross-sectional TEM images of the complete
epi-structure including buffer layers and InAlAs/InGaAs
active layers with the Al,Os, respectively. The buffer layers
effectively block the propagation of most dislocations into
the active layers. The detailed growth scheme has been
described elsewhere [7].

The fabrication process starts with the deposition of 1000A
SiO2 as regrowth mask. Source/drain (S/D) region was
opened by selectively removing SiO, using buffered oxide
etch (BOE). Exposed S/D area was further etched down to
the InGaAs channel and refilled by 70nm n"" Ings3Gag47AS
with an electron density of 4.5x10"°cm™. Then mesa isolation
was formed and the SiO2regrowth mask was removed. After
surface treatment using HCl for 2min and (NH4)2S for
20min, a 6nm-thick Al203 gate dielectric was deposited by
ALD at 300°C, followed by in-situ post deposition annealing
(PDA) at 380 °C for 30min in N2 ambient. S/D ohmic
contacts were formed by e-beam evaporation of
Ni/Ge/Au/Ge/Ni/Au and lift off process, followed by
Ti/Pt/Au gate metallization. Finally, the key step for E-mode
device, PMA, was performed in the ALD chamber at 300°C
for Smin in a N, ambient at a pressure of 170 mTorr. A
schematic of the finished device with nominal layer
thicknesses is depicted in Fig.la. Fig.2a-c presents the AFM
and SEM images of a 30nm channel-length (L.,) device.

X-ray photoelectron spectroscopy (XPS) was carried out to
probe the chemical components at the oxide/InAlAs interface.
Fig.3 illustrates the As-3d, As-2p and In-3d XPS spectra for
the InAlAs surface after gate dielectric deposition and PDA.
No peaks from As- or In-related oxide were detected,
suggesting the surface passivation is effective in removing
native oxide on the as-grown InAlAs.

Device Characterizations and Discussion
Fig.4 shows the transfer characteristics of the 30nm
channel-length device at V4 = 0.5V before and after PMA.
Threshold voltage (Vy,) is extracted by liner extrapolation at
Vs = 50mV from the Iy -V curve. Vy, is shifted from -1.4V
to +0.08V after PMA, resulting in E-mode operation. Due to
the enhanced gate electrostatic control, the peak
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transconductance (Gm,,,,) was greatly improved from
1074mS/mm to 1700mS/mm. The PMA was also beneficial
to the off-state performance. As illustrated in Fig.5, the
subthreshold slope (SS) at V4 = 50mV was reduced from
172 to 142mV/dec, and the SS at V4 = 0.5V decreased from
205 to 186mV/dec after PMA. An Ion/Iofr ratio of 1.7 x 10*
has been achieved, where Ion and Ioff are measured at
Ves=Vint0.5V and Vg=Vn-0.5V, respectively. A device with
a longer channel length of 60nm exhibits a lower SS of
101mV/dec at Vas=0.05V, SS of 120mV/dec at Vas=0.5V,
and drain induced barrier lowering (DIBL) of 138mV/V, as
shown in Fig.6. Fig.7 gives the output characteristic of the E-
mode device with Ly of 30nm. A maximum drain current
(Iassmax) of 1327 mA/mm was obtained at V4=0.5V and V,
= 1.6V. An on-resistance (R,,) of 157 Q-um was extracted
from the Iy -Vg4s curve, which agrees well with the low
contact resistance of 8 Q-um and access resistance of 125
Q-um from TLM measurement as described in [7].

Fig.8-10 illustrate the Ids,max and Ron, Gmmax, SS and DIBL
as a function of channel length, respectively. Significant
improvement of device performance including Gmy,,, SS
and DIBL is achieved by PMA, with the exception of
maximum drain current due to the reduced overdrive voltage.
The device performance scales well with channel length. The
smallest, 30nm device shows some performance degradation
due to short-channel effect. Fig.11-13 compare the Gmmax,
Ron and SS of our devices with state-of-the-art InGaAs
MOSFETs in literature, respectively. Our devices exhibit
high Gmmax at low supply voltage and the lowest Ron. We
attribute the impressive Ry, to the high-quality S/D regrowth
with high doping level. Effective mobility was extracted
using a combination of IMHz Capacitance-Voltage (C-V)
and Ias-Vas measurement [8]. A high peak pefrof 5068 cm?/V-s
was obtained for our buried channel MOSFET on Si
substrate with a channel length (Lch) of 0.85pum.

Post Metallization Annealing

To investigate the effects of PMA, ring capacitors with
diameter of 160um were fabricated using the same gate
process. Fig.14 compares the 1MHz C-V response of a
Al,O;/InAlAs/ InGaAs capacitor before and after PMA. The
positively shifted C-V curve agrees well with the change of
Vi in Fig.4. The sample without PMA shows a hysteresis of
105 mV, whereas the PMA treated sample exhibits almost
“zero” hysteresis with a maximum shift less than 30 mV,
indicating an improved gate stack quality. The capacitance
equivalent thickness (CET) of the composite gate stack
decreases from 6.1nm to 4.8nm after PMA. Fig.15 illustrates
high-resolution TEM images of the gate metal-
Ti/Al,05/InAlAs gate stacks. Physical thickness of the Al,O4
shrunk from 5.8 to 4.6nm, correspondingly, equivalent oxide
thickness (EOT) reduced from 2.8nm to 2.2nm after PMA,
which agree well with the CET reduction extracted from the
C-V curve in Fig.14. The vertical scaling of InAlAs upper
barrier would further enhance dc characteristics, especially
the off-state performance. In addition to the increased gate

capacitance, we speculate there are other effects from the
PMA, contributing to the aggressive Vy, shift in Fig.4.
Recently, Lin et al. reported that reactive ion etching (RIE)
induced damage to III-V MOSFET can be annealed out
through a low-temperature annealing process. Positively
shifted threshold voltage and increased accumulation
capacitance were also observed in the annealed devices [9].
Although no RIE was involved in our MOSFET fabrication,
damage in the gate metal layer caused by E-beam
metallization was observed (Fig.15a). After the PMA process,
these damages were recovered as shown in Fig.15b, leading
to a smooth and densified Ti layer, which might increase the
effective work function of gate metal and reduce the charges
in gate stacks. From the analysis of energy dispersive x-ray
spectroscopic (EDS) equipped in TEM system, some oxygen
was detected in this “damaged” metal layer, whereas no
oxygen was detectable after PMA. Moreover, abrupt and flat
gate metal/oxide/InAlAs interfaces could also be observed
from Fig.15.

Conclusion

We have developed a PMA process to achieve E-mode
Ing53Gag47As buried channel MOSFETs. 30nm E-mode
Ing 53Gag47As MOSFETs on Si substrates featuring Al,Os/
InAlAs gate stack exhibit high transconductance and low on-
resistance. Our results indicate that application of
source/drain regrowth and PMA on the InAlAs/InGaAs
quantum-well device structure without e-beam lithography
can lead to high speed and low power sub-50nm E-mode
devices.
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Fig.1: (a) Schematic of device with nominal layer thicknesses (LT-low Fig.2: (a) AFM line profile of a L,=30nm device scanned after gate dielectric
temperature, HT-high temperature, note: figure is not drawn to scale), (b) deposition. The channel length is defined by the regrown source/drain
Simulated band diagram and carrier distribution of the quantum well structure separation. Several positions have been measured across the channel with an
corresponding to Fig.la, (c) Cross-sectional TEM image of the composite average Lo, of 30nm. Two representative positions (red line and green line)
buffer layers grown on Si substrate, (d) Cross-sectional TEM image of oxide were shown, (b) 3-dimentional AFM image corresponding to Fig.2a, (c)
and InAlAs/InGaAs active layers with gate oxide. Cross-sectional SEM image of a L,=30nm device after whole process.
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Fig.3: (a) As-3d and As-2p (b)In-3d XPS spectrum at Al,Os/InAlAs interface after ALD and PDA. Fig.4: Transfer characteristics of a 30nm device measured
No peaks from As- or In-related oxide were detected, indicating that the surface passivation could with the device in Fig.2 before/after PMA.
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