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Deviation of Ballistic Mobility in Response to
Different Channel-Lengths in Quantum-Well
FET

A. Arefin

Abstract— To quantify the power performance advantage of short channel 1lI-V devices with respect to current state of
the art strained Si and the role of effective carrier velocity in the channel have been investigated. Effect of channel
length on carrier mobility and importance of quantum technology to develop transistors have been shown in this work.
Finally, the ballistic mobility using various compound semiconductor materials such as InAs, InGaAs, InSb, InP and
GaAs have been simulated. After analyzing the simulation result, the conclusion may be drawn that the mobility
increases linearly if the channel length is reduced. Moreover, a higher mobility can be obtained by using a channel

material having a lower effective mass.
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1 INTRODUCTION

s semiconductor technology continues to scale

down in accordance with Moore’s Law to
nanoscale, the quantum effect is becoming more
and more prominent [1]|. Researchers are inventing
and investigating new types of devices keeping
quantum phenomena in mind. Among these
nanodevices, III-V compound semiconductor based
Quantum-Well FETs (QWFETSs) have been proposed
as a promising device option because of high-speed
switching at very low supply voltages enabled by
the excellent low- and high-field electron transport
properties of III-V semiconductors [2].
Researchers are trying to develop the performance
as well as reduce the size of all types the transistors
more for as a demand of modern semiconductor
industries. With the reduced channel length,
ballistic transport is having more domination on
channel current [3]. So now device performance is
mostly dependent on the mobility of the material in
the channel region [4]. Besides, channel length has
also a great effect on this mobility.
In this research, the dependency of ballistic mobility
on the channel length has been studied, simulated
and investigated. In the simulation, channel length
had a wide variation of around 20 nm. Five ditferent
channel materials, such as, InAs, InGaAs, InSb, InP
and GaAs, have been brought under consideration
for a better analysis.
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2 QUANTUM WELL AND QUANTUM-WELL
FET

Quantum wells, quantum wires and quantum dots
are the basic building blocks of modern
nanoelectronic devices. If the sizes of the materials
are reduced, electrons can be confined and
controlled more and more activities can be done at
very low voltage and current levels. Most of the
nanoelectronic devices are based on the
semiconductor nanostructures, fabricated by
tailoring the band gaps of desired level. Quantum
well is the best answer of this bandgap engineering.
The term “well” in semiconductor refers to a region
that is grown to possess a lower energy, so that it
acts as a trap for electrons. They are retferred to as
“quantum” wells because these semiconductor
regions are only a few atomic layers thick. In
addition, that their properties are governed by
quantum physics, allowing only specific energies
and band gaps [5]. Because QW structures are very
thin, they can be modified very easily. In short, a
QW 1s a potential well with only discrete energy
values.

QW consists of an extremely thin semiconductor,
usually between 1 and 20 nm, with a small bandgap
resting between materials with bandgaps too wide
for electrons to jump easily (examples: GaAs QW

embedded in AlGaAs, or InGaAs in GaAs).
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Fig. 1 GaAs QW in AlGaAs [5].

This well uses the properties ot electron behavior
and bandgaps to work. By placing a microscopically
thin semiconductor, the electrons can be forced to
remain in the two-dimensional area of this thin
semiconductor, which 1is illustrated in Fig. 1.
Trapping electrons in this manner allows for
specific energy manipulation. QW can confine
charges in the dimension perpendicular to the layer
surface, whereas the movement in the other
dimensions is not restricted. _

By adjusting the aluminum content of the barrier
layers and the thickness of the GaAs layer at the
time of growth, the electronic properties of QWs can
be changed to the user’s specifications. This practice
is referred to as quantum engineering.

Quantum engineering has given the researchers
freedom to manipulate the properties of
nanodevices. Gradually QW based devices have
been invented. These devices are being very
popular for their low-power and high-mobility
applications.

For the heterogeneous integration of high-
performance InGaAs, InAS, InSb, InP, GaAs and
other kind of compound semiconductor material
QWEFET on Si substrate will allow low-voltage,
high-speed III-V based logic circuit blocks to couple
with the main stream 51 CMOS platform for future
microprocessor applications [6].

AllnAs QWFET is schematically shown in Fig. 2.
The channel region is composed of a 10 nm
In@,53Ga0_47AS/ InAs / Ing_53Gag_47As (2/ 5 / 3 nimnm, from
top to bottom) QW grown on a 500 nm thick
Inps2AlpssAs layer lattice matched to InP. The
Inps2AlpsgAs layer between the quantum-well
channel and the gate contact acts as an insulator or
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barrier. A Si 0-doped layer situated 0.3 nm below
the gate contact supplies the channel conduction
electrons. The source/drain contacts are located on
the top of the device almost 1 pm away from the
gated region |7].
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Fig. 2 Structure of InAs QWFET [8].

Fig. 3 shows a cross-section of a p-channel InGaSb
QWEFET. The heterostructure was grown on a semi-
insulating GaAs substrate. Growth of the structure
began with a relaxed Alyp70Gagz0Sb buffer 1.5 pm
thick, followed by a 5 nm layer doped with Be and
21 nm of undoped Alo,mGangUSb. Then, a /.5 nm
Ino.40Gags0Sb channel layer is grown along with a 7
nm thick barrier comprised of 3 nm of Aly70Gaoz0Sb
and 4 nm of Ing 20Alp50Sb. Finally, the
heterostructure is capped off by a highly-doped
bilayer of InpssAso155b (30 nm) with InAs (5 nm) on
top with Be [9].
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Fig. 3 Structure of a p-channel InGaSb QWFET [9].

3 CARRIER MOBILITY IN QWFET

Aggressive supply voltage scaling to 0.5 V and
below while maintaining transistor performance is a
direct path toward reducing power consumption.
This goal can be achieved by wusing suitable
materials in the channel with better carrier mobility.
So the calculation of this carrier mobility is a very
important part of any research regarding
nanodevices.

As shown in the previous two examples, the
channel lengths of QWFETSs are around a few tens
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of nanometers. In these low-dimension nanodevices
carriers do not transport in conventional approach.
Rather, they experience a technique known as
ballistic transport [10], [11]. Ballistic transport refers
to the motion of electrons through the
semiconductor material in the complete absence of
collisions [12].

Various researches are being undergone to calculate
the carrier mobility due to ballistic transport mn
nanodevices accurately. 2D numerical simulation
self-consistently solves the Poisson’s equation with
carrier continuity equation using a drift-ditfusion
model. To accurately capture the non-equilibrium
carrier transport (such as velocity overshoot effect),

the Canali mobility model may be employed [13].

Hi
u(E) = - :

[1 . ((a + DiowE )5 r

Vsat

Here, uww is the low field mobility, vs: 18 the
saturation velocity and f is a constant reflecting the
steepness of carrier mobility profile in the channel.
For example, fiowin07Ga034s) = 12000 cm?/V.s and
Liow(n0.53Ga047as) = 10000 cm?/V.s and for electrons,
ver = 0.93%x107 cm/s and f = 2 [14].

As the device dimension is scaled down, unlike Si
MOSFETs with moderate mobility values, QWFETs
with III-V compound semiconductors possess high
electron mobility up to 15000 cm?/Vs or even
higher. For example, Ino7GaosAs QWFET has a low-
field electron mobility of 12000 cm?/Vs with carrier
density of 2x1012 cm2 in the channel and thus, its
mean-free-path is calculated to be approximately
150 nm. Therefore, QWFETs with gate-length
approaching 15 nm are expected to operate close to
the ballistic limit [10] across a range of operating
bias conditions. In order to quantify the significance
of ballistic transport, the short-channel mobility of
QWFETs has been investigated in detail [15].

The high carrier mobility in long channel I1lI-V
based QWFET arises from a combination of its low
electron mass, reduced Columbic scattering and
lower interface roughness scattering. In the short-
channel QWEFETs, electrons are launched with
thermal velocity (Vi) from source into the channel
and pass through the channel encountering few
collisions. In such a scenario, the actual channel
resistance is weakly dependent on the physical gate
length of the device. In this respect, the effective
carrier mobility for short-channel devices operating
close to the ballistic limit is primarily limited by the
ballistic mobility, whereas the one for long-channel

devices is primarily governed by the bulk mobility.
The ballistic mobility is given by [16].
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In order to extract the effective mobility for short-
channel Ing7GagsAs QWFETs, the experimental
transfer characteristics are obtained [17].

Hballistic =

4 RESULTS AND DISCUSSION

For the simulation, the dimensions of the device
have been considered identical to those reported in
[17]. The composite channel consists of 3/8/4 nm
thick Ings3GaogazAs / Ing 7Gag3AsS / Inos3Gaga7AS and
features both regular and buried-Pt gate stack with
Lc = 20 nm in direct contact with the upper
IngspAloasAs barrier forming a Schottky junction.
The devices have total channel thickness of 15 nm,
the lateral spacer thickness of 80 nm and a source to
drain electrode spacing of 2 pm. The regular Pt
Schottky gate device has an effective insulator
thickness of 11 nm.

Considering few device approximations as
mentioned in [14], mobility of QWFET has been
simulated with respect to a varying channel length
up to 20 nm. Investigations have been made for a
total of five different channel materials such as
InAs, InGaAs, InSb, InP and GaAs. The result from

the simulation has been illustrated in Fig. 4.

| e INAS |
oo InGaAS | |
el nSH |
o P |

| =%F GaAs |

Mobility (cm</V.s)

12 44 18 18 20

Channel Length (nm)

Fig. 4 Channel length dependency of mobility.

Fig. 4 depicts that the maximum mobility can be
achieved from the minimum channel length. As
larger channel lengths come into the picture, the
mobility starts to drop linearly. The simulation
result shows that for In As, the maximum and

minimum mobilities are 3.77x10% c¢cm?/V.s and
0.19x104 cm2/V.s. For InGaAs, these values are in
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the range between 2.01x10* cm?/V.s and 0.1x10*
cm?/V.s. If the channel material 1s InSb, the mobility
is 6.19x10* cm?/V.s for a gate length of 1 nm and
0.31x10* cm?/ Vs for a gate length of 20 nm. For InP,
these values are 1.13x104 cm?/V.s and 0.06x10%
cm?2/V.s, respectively. And the mobility of GaAs lies
in the range from 1.37x10% cm?/V.s to 0.07x10%
cm?2/V.s. So, it can be seen evidently that the
mobility is increased if the channel length of the
QWEFET is reduced.

Fig. 4 also portrays different values of mobilities for
different channel materials. For example, InSb can
achieve the highest mobility of 6.19%x10* cm?/V.s In
a QWFET with a channel length of 1 nm. Whereas
InP has the lowest mobility, 1.13x10% cm?/V.s, for
the same channel length. For this particular length,
the mobilities for InAs, InGaAs and GaAs are
3.77x104 cm?2/V.s, 2.01x10* cm2/V.s and 1.37x104
cm?/V.s, respectively. These results illustrates that
the mobility for a material depends vastly on the
effective mass of its electrons. The lesser the
effective mass, the higher the mobility, and vice
versa.

5 CONCLUSION

The purpose of this research was to comprehend the
physics of nanodevices like QWFETs. Mobility is a
vibrant physical property of the material that the
channel of the device is consisted of. The study was
basically done for exploring the ballistic mobility for
different channel lengths as well as the impact of
using different materials on this mobility.

Carrier mobility has a great impact on transistor
drive current [18]. And transistor drive current i1s
the key to the characteristic of any device. Thus
quantified evaluation of mobility is one of the
fundamental information that was needed to be
explored. The result of this research will help to
discover many more other properties of quantum
transistors in the future as well as to find out the
opportunities of this device for future applications.
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