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Heterodimensional FET With Split Drain

Tongwei Cheng, A. Mathewson, Senior Member, IEEE, M. P. Kennedy, Fellow, IEEE, and
J. C. Greer, Senior Member, IEEE

Abstract—A modification to heterodimensional field effect tran-
sistors (HDFET) is introduced and demonstrated to provide novel
switching capabilities. The modification consists of introducing a
split drain into the HDFET structure allowing the transistor to op-
erate as a single pole-double throw switch. By extension, multiple
pole—multiple throw switches can be made within a single tran-
sistor structure by introduction of multiple split drains or sources.
If the device is fabricated on silicon germanium substrates, com-
patibility of the structure with conventional CMOS processing is
achievable, allowing for new applications in digital, mixed signal,
and high voltage switching.

Index  Terms—Heterodimensional field-effect
(HDFET), semiconductor relay, silicon germanium.

transistor

1. INTRODUCTION

ETERODIMENSIONAL field-effect transistors (HD-

FETs) are comprised of a side gated two-dimensional
electron (2-DEG) or hole gas (2-DHG) connecting source
and drain contacts [1]. Voltages applied to side gates cause
the depletion regions formed at the gate-channel junctions to
spread, displacing charges in the 2-D gas region. HDFETSs
were originally introduced for III-V technologies, but their
operation on silicon germanium (SiGe) substrates has recently
been shown [2]. A simple change to the device layout allows
for novel switching capabilities [3].

If reverse bias is applied, the channel remains isolated from
the gates due to the depletion regions formed, while electrical
contact between source and drain is maintained. Increasing re-
verse bias at either of the side gates results in the channel being
pinched off. Before pinchoff, the 2-D Fermi gas is squeezed
down to a quantum wire, and the position of the wire can be
manipulated by appropriate selection of gate bias voltages [2].
The modification to the basic HDFET device with a deep trench
structure splitting the drain is shown in Fig. 1; the trench is filled
with an insulator such as SiOs. Splitting the drain allows for
new switching applications with only minor modification to the
layout and fabrication process. For example, fabrication of SiGe
heterostructure field effect transistors (HFETS) is a mature tech-
nology, and HDFETSs require no top gate or gate oxide, substan-
tially simplifying process requirements. The trench isolation in
the drain is significantly less difficult to process, than say deep
trench structures for memory. For a split drain structure, a mul-
tiple output device is achieved in contrast to multiple side gate
HDFETs [4].
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Fig. 1. HDFET with split drain modification.

II. SIMULATION DETAILS

The simulations are performed for a p-type Si—SiGe HDFET.
The side gates are n-type diffusion contacts. A transistor with
drain-source length of Lpg = 3.0 um and a gate-to-gate length
of Lgi-g2 = 0.5 pum has been studied. An energy balance
model with appropriate selection of materials parameters [2],
[5] allowing simulation of a 2-D quantum well formed within
a SiGe substrate is used. The substrate design used in [2] with
the 2-D hole gas located in a Sig 4Geq g quantum well of 4.5-nm
width in the growth direction is considered. The valence band
offset (AEy = 300 meV) is maximized to capture a large
hole density in the quantum well. Different dopant concentra-
tions with carrier density n = 4.8 x 10?! /cm® and n = 4.0 x
102! /cm3 are introduced in the left- and rightside gate regions,
respectively, permitting sensitivity to doping variations to be
studied.

III. RESULTS AND ANALYSIS

The charge density in the 2-DHG at zero gate bias is undis-
turbed except for the equilibrium depletion regions formed at
the side gates. In this mode, both drains are in electrical con-
tact with the source as the 2-DHG extends around the trench
region on both sides. In Fig. 2, a cut-plane through the 2-DHG
is shown with side gate voltage V(g1 at ground and the Vo
chosen to deplete the charges connecting source to Drain2, al-
lowing current to pass to Drainl, with only leakage currents to
the side gates and Drain2. For a symmetric device structure,
exchange of the gate biases results in switching whereby the
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Fig. 2. Cross section of the HDFET structure cut through the 2-D quantum
well region. The leftside gate (Gatel) is at ground voltage and the rightside gate
(Gate2) voltage at 4.0 V forming a depletion region, cutting off the conducting
channel to Drain2.
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Fig. 3. Inset: Switching operation for a symmetric device structure with
drain-source bias of —0.1 V. The combined plot is for Ips; versus Vg1 with
Va2 fixed at ground, and Ips; versus Vig; with Vo fixed at ground. Main
figure: Drain current as a function of gate voltage with drain-source bias of
—0.1 V and drain-source currents Ips; and Ips. with Vg, = 0 and Vg, is
varied and asymmetric gate doping (¢Jps1 * Ips2).

source is brought into electrical contact with the Drain2, but
without current being passed to Drainl. Hence, a single pole
(the source) can be switched by application of gate voltages
between two positions (the drains). The transistor is more flex-
ible than a conventional single pole—double throw switch, in
that either none, one, or both of the source drain regions can
be brought into electrical contact with the source by suitable
selection of side gate voltages, and further division of the drain
and/or source regions allows for multiple pole—multiple throw
switches.

In the inset of Fig. 3, switching behavior for an ideal sym-
metric device with side gate doping n = 4.8 x 10%!/cm3
has been extracted from three-dimensional (3—-D) simulation.
Switching is demonstrated by sweeping one of the gate volt-
ages, with the opposing gate at ground. The ratio of on/off
current is on the order of 10°. For lower values of gate voltage,
Insi(Ips2) is approximately independent of Vgo(Vii) as
the gate voltage clears only half the channel, pinching the
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conducting path to one of the drains. As the depletion region
continues to spread, the gate voltage then begins to pinch off
the conducting path to second drain region.

Modeling of the 2-DHG as a thin semiconductor plane al-
lows for estimates of the side gate capacitance, which for the
geometry considered is approximately 0.1 fF/pm. This leads to
an estimate for a threshold frequency fr of 326 GHz (channel
length 0.1 ym and gate width 1.0 pm). A single silicon FET
with comparable geometry displays fr of the order 160 GHz
and as is known from III-V HDFET technology, this improved
frequency response is due to the low capacitance associated with
the thin cross section of the 2-DHG.

The terminal output currents for varying gate voltages are
displayed in Fig. 3 for a device structure with 20% variation
in side gate doping (an extreme case for most processes.) As
voltage V(51 increases with V4 at ground, current to the Drainl
is lowered until it is pinched-off with Ipg; < 1 pA at voltages
above 2.4 V. The current at Ipgy is relatively insensitive to the
application of Vg1 up to the point where the first half of the
channel is depleted. As V1 is further increased, the depletion
region spreads and removes charge from the channel connecting
source and Drain2. As the depletion region spreads across the
channel with increasing gate bias, both drain regions become
isolated from the source. The nearly linear reduction in both
drain currents with application of the side gate voltage as the
depletion region first sweeps past across the channel region con-
ducting charge to Drainl, and then continues to deplete charge
in the channel until isolating Drain2, is a consequence of the
linear dependence of the depletion width with reverse bias in p-n
junctions formed between 3-D contacts and a charged plane [6].
Note the asymmetry in the currents between Drainl and Drain2.
Differing doping concentrations at the gates lead to different
equilibrium depletion widths W7 = 0.1 pum and Wy = 0.03 pum,
and a smaller percentage of the channel is open for conduction
for source-Drainl compared to source-Drain2. Strong variation
of the depletion width with side gate doping is related to the
small volume of charge contained within the quantum well. To
insure a low current to the side gates, a reversed bias between
gate and channel is required, and the resulting depletion widths
set a fundamental limit to gate-gate spacings. Fluctuations in
side gate doping must take into account that the sum of the side
gate depletion widths must be smaller than the gate-gate spacing
(i.e., for the asymmetric doping case, Lg-g > 0.13 pm, for the
symmetric case Lg-g > 0.06 pm). The effect of varying Vo
has also been considered in the asymmetric device while holding
V1 at ground. Similarly, it is possible to manipulate the 2-DHG
gas allowing for the current to be pinched-off for Ipgs, while
maintaining roughly constant current to Ips;. As the depletion
width spreads from gate to gate, both drain currents are in an
off-state.

IV. CONCLUSION

A split drain HDFET structure enables operation as a semi-
conductor relay. As demonstrated previously, HDFETSs have a
large reverse bias breakdown (> 20 V) at the gate-channel junc-
tion, and the depletion width spreading at these bias voltages
is on the order of microns [2]. This enables the channel re-
gion to be freely positioned; hence switches with larger trench
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structures separating the drain regions can be designed with
better drain-drain isolation. Sensitivity of the device to side gate
doping has been examined. Finally, introduction of several drain
regions enables switching of the source to multiple drains, and
similarly the source region may be split allowing for multiple
input terminals into the device.
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