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Nanoscale devices ultimately offer a bottom-up approach that combines quantum physics with

practical engineering. Unique things beyond miniaturization occur on the nanoscale. Miniaturization

including the scaling of transistors is what continues Moore’s Law now and into the near future.

However, device scaling in the traditional sense of smaller being better is only the beginning of the story.

Intrinsic and very attractive quantum properties arise when a device is scaled properly. A combination

of not only size but also material selection allows access to these properties and is therefore the goal of

this research.
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Figure 1: InSb Nanowire Device®

Looking Into Novel Nanodevices

When looking into novel nanomaterials, there are literally hundreds of
combinations of device geometry and material to explore. Identifying an
application can help narrow down these two choices. For example, one such
application researchers are pursuing is low power, logic devices. One way to
achieve low power, logic devices is by operating in the one-dimensional, ballistic
transport regime™. Once 1-D, ballistic transport is achieved, the quantum
capacitance limit (QCL) can readily be reached. The quantum capacitance limit
allows for 1-1 movement of the bands in the channel with applied gate
voltage™. It is highly encouraged to read the suggested resources below if this
idea is difficult to follow. Furthermore, these modes of operation are only
practical if operation at room temperature is achieved. Perhaps the most direct
way to reach these goals is through the nanowire geometry. Note that
nanowires are not necessarily beneficial due to their packing density. The
benefit comes about in that when the nanowire and gate oxide are scaled
properly, quantum effects that are unique and beneficial arise, such as 1-D
transport and the QCL. With a potential application, the theory to support it,
and device geometry chosen, the next decision is the material selection.

Marriage of Material and Device Geometry

Remember, the device structure determines the mode of electron transport while the material

choice influences the leniency of transport dimension®. To help identify a material selection, Table 1

lists some common semiconductors, their bulk properties, and the diameter needed for 1-D transport as

determined by quantized conditions resolving the subband spacing for cylindrical systems.



Material Bulk Bandgap | Effective | Diameter
Mobility Mass for 1-D
cm?/V's eV m*/m, nm

Si 1,400 1.12" 0.19"* ~6nm
GaAs 8,500 | 1.424'* | 0.067" | ~10nm
InAs 40,000 0.354" 0.023" ~18nm

1 - Handbook Series on Semiconductor Parameters, Levinshtein et al, 1996.
2 — Advanced Semiconductor Fundamentals, Pierret, 2003.
3 — Compound Semiconductor Bulk Materials and Characterizations, Oda, 2007.

Table 1: Table of common semiconductors and their bulk properties with emphasis on 111-V materials. The diameter for the
nanowire to contain a single mode of conduction is determined by quantized conditions of mode spacing.

InAs and InSb due to their very small bandgap allow the
easiest access in terms of nanowire growth for 1-D transport.
For an added bonus, the bulk mobility is extremely high,
indicating the potential for a high |,, current. There is, of
course, a traditional trade off with a small band gap in that
lo¢ increases, hurting static power consumption and lowering
the l,./lo ratio. However, until understanding of how these
nanomaterials and devices mature through experimentation,
both the good and bad of bulk properties may not apply.
Starting with a potential application, we have described our
steps in deciding our research based on the theory,
geometry, and material and have even identified other
potential applications as a result of our selection.

Figure 2: HRTEM of InSb Nanowire with Crystalline Lattice
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Characterizing a New Nanomaterial

Here are some of the details of what we are pursuing:

The growth mechanism behind IlI-V nanowires and how to well control nanowire diameters

- How the material’s intrinsic properties change when scaled into the quantum regime

Comparing the expected bulk properties of a material to its 1-D counterpart

Unsurpassed control of the electrostatics inside the channel via quantum capacitance limit


http://www.chem.purdue.edu/yang/

- High-k gate dielectrics, surface passivation, and contact formation and annealing

- Material etching and top-down nanowire array fabrication

- Exploring device architectures such as tunneling field-effect transistors, highly linear
amplifiers, and other high-speed, low-power applications

The main goal here is to develop a comprehensive understanding of the IlI-V nanowire operation in the
context of MOSFET applications. Most discussions in the group tend to open up questions to which
there has been little or no research done in, something that a team of chemists, physicists, device
engineers, and material scientists all contribute to. As we explore these new nanomaterials and devices
through their physics and operation, many traditional aspects of MOSFET scaling will become null and
require modified ways of thinking as quantum engineering meets electrical engineering.
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Figure 3: Experimental Transfer and Output Characteristics for a 90nm InSb NWFET with channel length of 1.8 p.m3

The band diagrams beneath the transfer characteristics help visualize carrier injection as controlled by the gate as a result
of a very small bandgap material. The n-branch output characteristics highlights ambipolar behavior with green exhibiting
electron injection and purple hole injection.
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