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Abstract— Digital electronics power consumption
evolved into a major concern: at the current pace, general-
purpose computing energy consumption will exceed global
energy production before 2045. The principal approach to
curbing energy consumption in digital applications calls
for “steep-slope” devices with an inverse subthreshold
slope (SS) parameter well below the “In(10)-kT/q” limit
of conventional electronics (60 mV/dec at 300 K). Impact
ionization MOSFETs (I-MOS) provide an avenue for steep-
slope device realization. High-mobility narrow gap IlI-V
semiconductor channel materials have not yet been
investigated for I-MOS applications. We hereby report
E-mode narrow bandgap GalnAs-based I-MOS devices
with an SS of 1.25 mV/dec maintained over five orders of
magnitude in drain current and Ion/lore ratios >10° at 300 K
(>10° at 15 K) for a gate length of Lg = 100 nm. Part | of
this work focuses on the materials and device fabrication
and analysis, device dc characterization, and modeling.
The present GalnAs devices are the first I-MOS transistors
to display a robust steep-slope effect at low voltages Vpg <
1.9 V at 300 K and <1 V at 15 K. Part Il describes the
dynamic switching (including clarifications on the role of
hysteresis) and RF characteristics of GalnAs I-MOS devices
and benchmarks them with respect to other steep-slope
technologies.

Index Terms— Atomic layer deposition (ALD), GalnAs,
impact ionization, impact ionization MOSFET (I-MOS),
inverse subthreshold slope (SS), MOSFET, RF performance,
steep slope.

|. INTRODUCTION

Y THE early 1980s, CMOS was well underway to
become the technology of choice for VLSI applica-
tions [1]. The subject of CMOS digital electronics power
consumption received relatively little attention until the 1990s,
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when CPU clock frequencies rose swiftly: from 50 MHz in
1989 [2], clocks reached 200 MHz in 1992 [3] and 1 GHz in
2000 [4], before eventually saturating between 3 and 5 GHz
since 2001 [5]-[7]. The concomitant near exponential rise in
power density (dissipated power per unit chip area, in W/cm?)
reached ~100 W/cm? in 2004 [8], where it also saturated
with the introduction of multicore CPU architectures. After
guiding the industry for over a decade in scaling between
the 500 and 90 nm nodes (1992-2003), Dennard’s constant
power density scaling rules [9] could no longer be practically
maintained, leading to faster reductions in transistor area than
in transistor power dissipation—and the situation stands to
become even more acute by opening up the third dimension for
device manufacturing with 3-D integration [10], [11]. In the
span of a decade, power dissipation evolved from a specialty
consideration (i.e., battery-based mobile applications) to again
become a primary concern in semiconductor digital comput-
ing electronics, some 20 years after silicon bipolar junction
transistors ran into similar concerns in the 1970s to eventually
drive the widespread adoption of CMOS technology [12].

Over the last two decades, the need to curb the increas-
ing power consumption of digital electronics elicited interest
in the development of ‘“steep-slope” devices as potential
successors to conventional CMOS [13], [14]. Power dis-
sipation concerns become even more pressing with the
rapid continuous expansion of data-centric activities, such
as high-density video streaming, Internet-based teleconfer-
encing, remote learning/teaching, and work from home in
light of related data center electrical needs (with a sig-
nificant portion dedicated to cooling). Global data center
energy consumption carries a carbon footprint that is currently
comparable to worldwide air travel, but with a far higher
compound annual growth rate. According to scenarios [15],
data centers are expected to consume ~300 TWh/year by
2030, and the electricity consumption footprint for information
and communication techniques (ICTs), including data centers,
is forecasted to amount to 21% of the global electrical needs
(up to 51% in the worst case scenario) [15]. Furthermore,
at the current pace, the total energy consumption of gen-
eral purpose computing will exceed global energy production
before 2045 [16].
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In comparison to traditional transistors, steep-slope tran-
sistors require lower gate voltage swings than conventional
FETs to switch ON/OFF. The slope in question is the inverse
subthreshold slope (SS) parameter, which characterizes the
transition abruptness between ON and OFF states in terms of
the voltage swing required to achieve a tenfold change in
current flow. To contextualize, an ideal p-n junction diode
is characterized by SS = 60 mV/dec at room temperature
and low current densities. In comparison, as briefly reviewed
below, long-channel MOSFETs already show SS > 60 mV/dec
because the gate control voltage is necessarily divided between
the gate insulator and the body depletion before channel
inversion. Furthermore, device scaling generally increases the
SS parameter, reflecting the increasing role of 3-D fields
which make it more difficult to turn short-channel transistors
off. Efforts to better electrostatically control these fields to
maintain SS as close to 60 mV/dec as possible required major
research and design investments, paving the way to advanced
3-D MOSFET architectures such as high-x gate dielectrics
FinFETs. In MOSFETsS, the subthreshold current Ip follows:

Ip « 101=1=eq(vﬁ§7_'vT (1)
with
C
n=1+ 2 2)

0oxX

where V7 is the threshold voltage, Cyq is the channel depletion
capacitance, Co is the gate oxide capacitance, and the ratio
C4/Cox reflects the division of the gate voltage across the oxide
and the underlying depletion region. The OFF-state current is
then Ip evaluated at Vgs = 0 V and Vps = Vpp (the power
supply voltage). Hence

dlnID -1
dVgs

SS = log(
kT

=1In(10) -n- — =n-60mV/dec (at 300 K). (3)
q

Clearly, long-channel MOSFETs already show SS >
60 mV/dec at 300 K, even before scaling effects set in to
increase SS. The situation is further degraded with operating
junction temperatures of ~100 °C.

Interest in steep-slope transistors stems from a consideration
of the power dissipation in conventional CMOS

P = f-CVip + LeaVop + Ishor-VDD 4)

where f is the clock frequency, C represents the total circuit
capacitance inclusive of wiring interconnects, Vpp is the
operating supply voltage, I1.,x is the total leakage current
consisting of Iog: including the gate and junction leakage
currents (where [ ¢y is typically dominated by /oge following
the introduction of high-x gate dielectrics to replace SiO; in
gate oxides), and Igpor 1S the short-circuit current in switching
events when both the n- and p-channel devices simultaneously
conduct (a small contribution with proper design, and if the
Vr/Vpp ratio is high enough). The first term in (4) represents
the dynamic power consumption of logic switching, and it
is responsible for the saturation in clock frequencies and it
clearly benefits from reductions in the power supply voltage
Vpp. However, lowering Vpp should be accompanied by a
reduction in threshold voltage Vr to maintain a constant
transistor ON current drive (and circuit speed, CVpp/lon),
but lowering Vr increases the OFF-state current /o and the

associated leakage power term I .. Vpp. Indeed, the CMOS
OFF-state power has grown with the downscaling of gate
length to become comparable to the dynamic power dissipation
in traditionally scaled devices, effectively halting traditional
CMOS scaling practices [17]. Taking It as threshold current,
the total leakage current is thereby related to SS

V-
eak = Iope = Ir-1075 Q)

It is thus the aim of steep-slope technologies to drastically
suppress the second term in (4) by engineering devices that
can achieve very low I values with reduced voltage swings,
ideally, with SS <« 60 mV/dec at room temperature.

The search for the ideal successor to CMOS electronics led
to a broad variety of innovative device concepts, including
impact-ionization MOSFETs (I-MOS) [14], [18], TFETs [19],
negative-capacitance FETs (NCFETs) [20], metal-insulator—
transition FETs (MITFETs) [21], antiferromagnetic or
ferromagnetic-like FETs [22], nanoelectromechanical FETSs
(NEMFETsS) [23], dirac-source FETs [24], [25], and combina-
tions thereof [26], [27]. Among these concepts, [-MOS devices
tend to exhibit weaker short-channel effects and achieve lower
OFF currents [28], [29].

Desirable attributes of a steep-slope transistor technology
first and foremost include steep-slope behavior over several
orders of magnitude in current, as well as operation at low
power supply voltage levels, low-leakage current levels Iy,
and a high current drive /oy to rapidly charge/discharge circuit
load and interconnect capacitances and maintain/improve cir-
cuit performance. Other desirable features include the possibil-
ity to form complementary devices to minimize standby power
dissipation, as well as large-scale high-yield manufacturability.

The development of I-MOS devices so far largely focused
on silicon-based devices, which tends to require a high Vpp
to achieve steep-slope behavior in lateral devices because of
the relatively high electric fields required to induce impact
ionization in indirect gap materials. Savio et al. [30] reviewed
the limitations of Si-based I-MOS transistors at low voltages,
and Germanium was suggested as a lower energy gap alterna-
tive to facilitate impact ionization at lower drain voltages Vps.
Because of challenges associated with high required voltages
and the slow temporal take-up of ionization in silicon-based
I-MOS devices [30], steep-slope transistor research emphasis
largely shifted toward the realization of TFET devices in recent
years.

Considering the above, it may be surprising that I-MOS
research to date has not yet exploited direct narrow bandgap
semiconductors such as high-indium content GalnAs chan-
nels in view of their low thresholds for impact ionization.
Indeed, much effort continues to be invested in mitigating
impact ionization effects in high-indium content high electron
mobility transistors (HEMTs) [31], [32], where the resulting
parasitic bipolar effect due to generated holes [33] leads to an
Ip—Vps characteristics kink and negatively impacts the
microwave minimum noise figure (NFyn) of HEMTs [34].
We recently demonstrated that the use of an Al,Os; gate
oxide greatly enhances impact ionization artifacts in GalnAs
MOS-HEMTs in comparison to conventional Schottky gate
HEMTs fabricated with a channel of the same thickness
and composition by bolstering the lateral parasitic bipolar
effect [35]. Such findings naturally lead one to consider
whether high impact ionization materials such as GalnAs (or
InAs) channels could profitably be exploited in the realization
of I-MOS steep-slope transistors.
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In the present work, we report enhancement-mode
(E-mode) I-MOS based on a GalnAs channel with an atomic-
layer deposited (ALD) amorphous Al,O; gate oxide. Device
fabrication is largely similar to that of a conventional HEMT.
The process involves no epitaxial regrowth, leading to a fairly
straightforward device architecture. The resulting GalnAs
MOSFETs feature high Ion/Ioge ratios, high Iy drive currents,
and low gate leakage currents and display a robust steep-slope
behavior maintained over several orders of magnitude in
current. Our devices were characterized at 300 and 15 K:
at room temperature, steep-slope behavior is maintained over
five orders of magnitude in drain current with low operating
drain voltages, with an Ion/Iop: ratio of more than 10°, while
at 15 K, the steep slope is maintained over six orders of
magnitude with an Ion/Iope ratio of more than 10° limited
by the low-current resolution of the test instrument.

Il. FABRICATION
A. GalnAs I-MOS Fabrication

GalnAs [-MOS devices were implemented in the ETH
Ziirich FIRST Center for Micro- and Nanoscience Laboratory,
including the molecular beam epitaxial (MBE) growth of the
GalnAs I-MOS epitaxial layer structures [see Fig. 1(c)] and
subsequent device fabrication. The present I-MOS devices
are based on a buried heterostructure Gag3;IngggAs channel
with a thin (5 nm) top-side InP/AllnAs composite barrier.
The layers were grown on a 350-nm Alp4glngspAs buffer
layer deposited on an Fe-doped semi-insulating 100 InP sub-
strates. The active region layer stack specifically consists of
an undoped 12.5-nm Gag 3,Ing ¢g As n-type quantum well sand-
wiched between a 5-nm Al 43Ing 50 As layer on the bottom and
a 2-nm Al 47Ing 53As top-side barrier layer followed by a 3-nm
InP selective etch-stop barrier, which enables the formation
of a gate recess by selective wet etching. An n™ composite
cap structure doped with Si at 7.3 x 10" cm™3 consisting of
10-nm lattice-matched Gag47Ings3As and 10-nm of strained
Gag 32IngggAs is used for the formation of low-resistance
source and drain Ohmic contacts. No delta-doping is used
here because E-mode operation is desired for I-MOS
devices.

Atomic layer deposited (ALD) Al,O3 was selected as the
gate oxide among other high-x materials because it offers
some of the largest conduction and valence band discon-
tinuities with respect to GaAs, InAs, and InP [36]. Hot
carrier injection into SiO, was identified as the primary
failure mechanism of some Si-based I-MOS transistors [28]
because their operating drain biases (Vps > 10 V) far exceed
barriers for carrier injection into the oxide (AEc = 3.1 eV,
AEy = 4.8 eV for Si0;:Si). For ALD Al,O3:InP, the reported
AEc = 2.18 eV [37] corresponds to an oxide injection
barrier of AEc = 2.43 eV (AEy = 2.99 eV) for electrons
(holes) residing in Gag 47Ing s3As once InP/Gag 47Ing 53 As band
discontinuities are accounted for. As shown next, the oxide
injection barriers are higher than the GalnAs I-MOS operating
voltages (Vps < 2 V), thus eliminating hot carrier injection
concerns. Whereas Al,O3 deposited directly on GalnAs has
been associated with a low device reliability [38], its depo-
sition on InP results in GalnAs FETs exhibiting low C — V
and Ip—Vg dispersion properties [39] as well as low interface
and border trap densities [40]. Further considerations on the
reliability aspects of high-x gates on GalnAs channels are
given in Part I of this work.
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Fig. 1. (a) Three-dimensional schematic representation of the GalnAs
I-MOS device active region. (b) STEM cross-sectional image of the
active region. (c) MBE-grown epitaxial layer stack and electron-beam
deposited metal contact layers. (d) vdP measurement electron mobility
and density in the as-grown and Al,O3 ALD-passivated epitaxial struc-
ture with identical layers to the fabricated devices with exception of an
additional delta-doping sheet below GalnAs channel to characterize the
influence of oxide surface passivation on 2-DEG transport properties.
(e) TCAD simulated cross-sectional band diagrams for various gate
voltages (conduction band in red, valence in blue, and electron density

in gray).

To characterize the effect of the thin ALD gate oxide depo-
sition on the channel transport properties, van der Pauw (vdP)
measurements were performed on as-grown and ALD oxide
passivated structures. However, the undoped channel structures
used in I-MOS E-mode transistors are not suitable for vdP
characterization due to the absence of channel electrons.
To enable vdP measurements, a similar epitaxial structure
was grown with a J-doping plane in the lower barrier to
supply electrons to the channel. With the n+ GalnAs cap
removed, vdP measurements on the J-doped layers showed an
as-grown mobility x4 = 6660 (14 700) cm?/Vs and a sheet
carrier density Ns = 8.3 x 10'' (1.13 x 10'?) cm™2 at
300 (77) K after 10 min in darkness. Measurements following
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Ti: 10 nm

Fig. 2. STEM imaging and energy dispersive spectroscopy (EDS) mapping of the gate region of an GalnAs I-MOS transistor. (a) STEM image of
a GalnAs I-MOS gate-electrode showing a gate length Lg = 100 nm. (b) Probe-corrected atomic-scale STEM image of the corresponding marked
region (blue-box) zoom underneath the gate electrode, showing barrier layers and part of the 12.5-nm GalnAs channel. The ALD process oxidized
half of the 3-nm InP etch stop barrier. (c) Composition mapping of the EDS mapping region (yellow box), showing layered elemental distribution in
mixed color plots corresponding to individual elements of phosphorus, oxygen, aluminum, arsenic, gallium, and platinum, shown separately in (d).

the ALD deposition of a 1.5-nm amorphous Al,O; layer
yielded an improved mobility x = 8920 (25 700) cm?/Vs
and a sheet carrier density Ng = 1.39 x 102 (1.98 x
10'?) cm~2 at 300 (77) K, also after 10 min in darkness.
The ALD passivation therefore improves both the mobility
and sheet carrier density of near-surface AllnAs/GalnAs two-
dimensional electron gas (2DEG) channels. Similar findings
were recently reported by Sodergren ef al. [41].

The present GalnAs I-MOS device fabrication process does
not involve epitaxial regrowth steps. First, a Ge/Au/Ni/Au
(18/48/10/50 nm) metal stack for Ohmic contacts was e-beam
deposited following an ion-beam cleaning of the semicon-
ductor surface. Following liftoff, the Ohmic contact metal
stack was annealed at 273 °C. The composite GalnAs cap
was then selectively etched in a mixture of succinic acid and
hydrogen peroxide to form a 300-nm wide gate recess opening
defined by electron beam lithography. A ~1.5-nm amorphous
Al O3 layer was deposited by atomic layer deposition (ALD)
according to postdeposition ellipsometric measurements. Its
thickness was confirmed by scanning transmission electron
microscopy (STEM) on the completed devices (see Fig. 2).
T-gate electrodes with a (2 x 75) um width and a footprint
Lg = 100 and 150 nm were centered in the gate recess
by electron beam lithography and e-beam evaporation of
Pt/Ti/Pt/Au (3/20/20/357 nm). Following the gate metal stack
deposition and liftoff, the device active region was passivated
with an additional 15 nm layer of ALD Al,Os3.

I1l. RESULTS
A. GalnAs I-MOS Steep-Slope Switching Characteristics

At higher Vps, impact ionization creates secondary
electron—-hole pairs near the drain end of the gate: whereas
generated electrons flow out the drain contact with the initiat-
ing electrons, the resulting holes drift back toward the source
region, where their positive space charge lowers the potential
barrier at the source end of the channel, thus allowing more
electrons to enter the channel through a bipolar transistor-
like positive feedback mechanism on the drain current [33].
The gate oxide suppresses hole leakage through the gate with
respect to the Schottky gate in an HEMT [35], enhancing the
positive feedback on the drain current Ip. For sufficiently high
applied drain voltages, a steep-slope behavior develops in the

Ip—Vg transistor characteristics, giving rise to a rapid current
increase in drain current. The use of a narrow direct bandgap
channel material facilitates a rapid onset of impact ionization
at lower voltages than possible in silicon-based devices.

Fig. 3 shows the dc characteristics of the fabricated GalnAs
I-MOS transistors measured at 300 and 15 K. At 300 K, the
inverse SS for MOSFETs with a gate length of Lg = 100 nm
begins to break through the 2.3kT/q ~ 60 mV/dec Boltzmann
limit at a drain bias of Vps = 0.9 V, where it shows SS =
47.6 mV/dec due to increasing levels of impact ionization. The
Ip—Vps characteristics show the impact ionization-induced
kink for Vps > 0.7 V. The maximum steep slope of S§ =
1.25 mV/dec over six orders of magnitude in drain current
is observed with Vpg = 1.9 V in the gate turn-on sweep
for a 100-nm gate. For a gate length of Lg = 150 nm,
SS is degraded to 15.8 mV/dec under the same bias due to
the reduced channel electric field associated with the longer
gate length. For the turn-off gate sweep, the 100-nm gate
shows a slightly degraded SS = 6.65 mV/dec. The above
steep-slope characteristics compare favorably to the report of
simulated Ge transistors predicted to achieve I-MOS operation
at Vps = 1.8 V for a 60-nm gate length, as well as to an
experimental SS = 4.5 mV/dec maintained over less than three
orders of magnitude in current at Vpg = 8.5 V for a 100-nm
gate length and a Sigg5Gep 15 impact ionization region [42].
While Si-based I-MOS transistors show significant threshold
voltage shifts after a few switching cycles (as few as five
cycles [28]), the present devices operate stably: Part II of this
article shows stable operation over tens of billions switching
cycles. Further comments on device reliability are given in
Part II.

At 15 K, clear steep-slope behavior is observed with
Vbs < 1V for both gate lengths, with a significantly increased
Ion/Iopr ratio of over nine orders of magnitude in current.
The measured Iy is limited by the curve tracer minimum
resolution. A steep slope with SS < 3 mV/dec is observed at
a lower Vps > 0.7 V because of enhanced impact ionization
at low temperatures. These observations suggest that subvolt
operation should be possible at 300 K if impact ionization
levels can be increased with the use of InAs channels and
shorter gate lengths. To the best of our knowledge, the
present 15 K data are the first to display steep-slope behavior
with Vps < 1V for an I-MOS device.
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Fig. 3. Static characteristics of GalnAs |-MOS devices with 20 - i
Lg = 100/150 nm gate lengths (blue/red traces, respectively).
(a) and (c) OFF-to-ON switching at 300 and 15 K. (b) and (d) ON-to-OFF = 10t i
switching at 300 and 15 K. At 300 K, Vps = 0.1-1.9 V (0.2 V steps) with g
a minimum SS of 1.25 mV/dec. At 15K, Vpg = 0.1-1.1 V (0.1 V steps). b= I — ]
Drain characteristics with Vgg = —0.5-1.3 V (0.1 V steps) showing kink £ .
effect drain for Vps > 0.7 V at both (e) 300 and (g) 15 K. Gate leakage < 4of e simulated -
current with Vpg = 0.1-1.1 V (0.1 V step) at both (f) 300 and (h) 15 K. Vos=0—0.5V :
30 (0.1Vsteps) N
B. GalnAs I-MOS TCAD Simulation 20l S ]
TCAD drift-diffusion simulations were performed to quali- ‘ ‘
tatively support our interpretation of the steep-slope behavior 10 N
observed in GalnAs I-MOS transistors. With a 2-D device : . L L L (C)
layout corresponding to the cross section of the fabricated tran- 0.0 0.2 0.4 0.6 0.8 1.0
sistors shown in Fig. 1(b), transistor dc characteristics were Vos (V)
modeled at 300 K using the Silvaco Atlas TCAD simulation Fig. 4. 300 K TCAD simulation of the dc characteristics of a GalnAs

tool to qualitatively reproduce the steep ON-switching current
characteristics [see Fig. 4(b)] and the kink in the Ip—Vpg drain
characteristics [see Fig. 4(c)]. Specifically, the simulations of
the ON-switching drain current in Fig. 4(b) show a steep-
slope onset at a similar Vgg as experimentally measured on
our I-MOS transistors and a clear increase of the steep-slope
behavior at higher Vps. The simulated Ip—Vps curves show
a strong kink effect due to impact ionization for Vps >
0.7 V, in accordance with measurements. E-mode operation is
achieved without involving channel inversion as in a Si-based
MOSFET: undoped GalnAs layers are weakly n-type, and

I-MOS device with Lg = 100 nm at 300 K. (a) Simulated electron
density in an unbiased device showing a maximum density of 1.21 x
102° cm~—3. (b) Logarithmic scale plot of simulated (dotted traces) and
measured (solid traces) OFF-to-ON switching characteristics for Vpg =
0.1-1.9V (0.2 V steps). (c) Corresponding drain /~V characteristics with
Vs = 0-0.5 V (0.1 V steps). The red rectangle in (a) represents the
simulation domain for the impact ionization rate, recombination rate, and
hole density profiles shown in Fig. 5.

surface depletion effects suffice to deplete the channel due
to the close proximity of the gate metal and channel. As such,
the present devices operate similar to E-mode HEMTs. The
simulated gray-scale curves in Fig. 1(e) illustrate gate control
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Fig. 5. 300 K TCAD simulation of GalnAs I-MOS operation with
Lg = 100 nm. (a)—-(d) Contour maps of impact ionization rate Rj.
(e)—(h) Recombination rate Ryec. (i)—(I) Hole density Nioles in the device
active region marked by red rectangle box in Fig. 4(a). Simulation biases:
(a), (e), and (i) Vps = 0.5 V and Vgs = 0 V; (b), (f), and (j) Vps =
0.7 Vand Vgs = 0 V. (c), (9), and (k) Vps = 0.5V and Vgs =0 V.
(d), (h), and (l) Vps = 0.7 V and Vs = 0.1 V. For all quantities, the color
blue indicates negligible values.

of the I-MOS channel electron concentration under the gate.
The measured Ion/Iogr > six orders of magnitude at 300 K [see
Fig. 3(a)] confirms a very good E-mode charge control in the
present I-MOS structure.

The simulations, however, underestimate impact ionization
at low current levels and overestimate it at high current levels.
The discrepancy between simulated and measured character-
istics is attributed to the highly nonuniform electric field dis-
tribution along the channel, as well as to the limitations of the
model for impact ionization rates. The use of a local electric
field to model impact ionization phenomena in drift-diffusion
simulations normally overestimates the impact ionization rate.
This is because the model assumes that impact ionization rates
depend solely on the local electric field, whereas carriers must
travel a certain distance (the so-called dead-space distance)
in an electric field to acquire sufficient energy for ioniza-
tion [43]. Beyond nonlocality, experimental impact ionization
rates also depend on the carrier history and on the electric
field gradient [43]: as pointed out by MclIntyre [43], Monte
Carlo simulations are necessary to correctly calculate impact
ionization rates in complex electric field profiles.

Fig. 4(a) shows a simulated electron density distribution
in a device at equilibrium. The impact ionization generation
rate Ry was computed for various device bias conditions.
Fig. 5(a)—(d) shows the computed Ry in the GalnAs chan-
nel under biases of (Vps, Vgs) = (0.5, 0 V), (0.7, 0 V),

(1.7, 0 V), and (0.7, 0.1 V). Fig. 5 also shows the (i)—(1) hole
density and (e)—(h) recombination rate in the device, also in
logarithmic scale (where the color blue indicates negligible
values in all cases). Simulation shows that ionization mostly
occurs in the gate-to-drain space, well past the drain end
of the gate electrode foot. Although generation takes place
in the gate—drain space, holes drift back toward the source
and mostly accumulate under the gate: the associated positive
space charge allows more electrons to enter the channel (i.e.,
parasitic bipolar effect [33]). The recombination rate R is
generally maximized near the source end of the gate. As to be
expected from the range of applied voltages, impact ionization
takes place within the GalnAs channel and not in the wider
gap AllnAs/InP or Al,O3 layers. At (Vps, Vgs) = (0.7,0.1 V),
impact ionization is much stronger, reaching Ry = 2.17 X
10?2 s7'.cm™3, and causing SS to break through the limit
of 60 mV/dec. In the case of extreme impact ionization at
VDS = 1.7 V and VGS =0 V, a maximum Ry = 7.44 x
1022 s—'.cm™3 was reached, remaining above 1022 s~ l.em™3
over most of the gate-to-drain space and enabling the super
steep-slope switching characteristics. Although the simulations
are not in strict quantitative agreement with experimentally
measured results, they do provide a compelling illustration of
GalnAs I-MOS operation.

IV. CONCLUSION

We reported the first fabrication and characterization of
GalnAs-based I-MOS steep-slope transistors. The ALD passi-
vation of an MBE-grown n-type GalnAs quantum well struc-
ture on InP with an ultrathin 1.5-nm Al,O3 oxide improves the
electron mobility and the electron sheet density, effectively
decreasing the channel sheet resistance by a factor of 2x.
Such passivated quantum well channels were used to fabricate
nanometric E-mode I-MOS transistors with pronounced steep-
slope characteristics at both room and cryogenic tempera-
tures. Steep-slope behavior was observed for drain biases
Vps = 0.9 V at room temperature. A record steep-slope
SS = 1.25 mV/dec (limited by the instrument resolution)
maintained over several orders of magnitude in drain current,
with Ion/Iop ratios of more than 10° (10%) at 300 (15) K.
The present GalnAs devices are the first I-MOS transistors
to display a robust steep-slope effect at low voltages Vps <
1.9 V at 300 K and <1 V at 15 K. The measured room
temperature breakdown voltages <1.9 V with Lg = 100 nm
which compare well to the 1.8 V simulated for Lg = 60 nm Ge
I-MOS transistors proposed as low-voltage alternatives to Si
I-MOS transistors [42]. More extensive benchmarking of the
steep-slope device performance of GalnAs I-MOS transistors
is presented in Part II, along with the characterization of their
time-domain high-speed switching and RF properties.
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