








occur in the electrodes. This is very different from the
physical mechanisms responsible for conventional devices
exhibiting Ohms law in which current flow is impeded in
the same region of space as dissipation takes place.

Large electric fields in nanoscale semiconductor
devices can result in tunneling and nonequilibrium
electron transport. While nonlinear devices such as
transistors may take advantage of these phenomena,
what has been demonstrated here is that it is also possible
to create devices with linear response. Such devices are
required because, for example, a linear resistor is a critical
element for analog and low power circuit design. Optimal
design has shown that linear response is not excluded by
the exponential dependencies normally associated with
electron tunneling in semiconductors.

Using these device synthesis results to learn more about
the physics enabling power-law transmission as a function
of Viyias, consider a progressive evolution of solutions for the
linear objective from a simple square barrier to the
multibarrier profile of Fig. 3(a). As illustrated in Fig. 4(a)
and (b), the dominant transmission features of the simple
square well, i.e., the exponential behavior and resonances,
are altered by the addition of steps in the potential barrier
profile. It is observed that the superposition of broad
resonances due to the presence of different potential steps
helps linearize the transmission-voltage curve. It is also this
superposition of broad scattering resonances that renders
the solution stable against small monolayer perturbations
in barrier thickness and potential.

B. The Need for Improved Physical Models

The elementary barrier transmission problem dis-
cussed in the last section turned out to be quite rich in
physical effects. However, it is obvious that the ability to
discover useful new functions or improved performance
will depend strongly on the realism of the physical model
being used. For example, modeling the transfer character-
istics of a bipolar transistor without including the
possibility of inelastic scattering is unrealistic because
the existence of base current flow requires such processes.

As a prototype physical system, scaled heterostructure
bipolar transistors (HBTs) are particularly interesting.
Compared to FETs, the inherently higher transconduc-
tance of HBTs allows greater current handling capability.
From a manufacturing point of view, HBTs have the
advantage that voltage threshold for current flow is
controlled by the built-in base-emitter junction potential
so that very uniform and reproducible device character-
istics can be achieved. Both the high current handling
capability and device threshold uniformity make HBTSs
suitable for high-performance analog circuitry [30]. In
addition, control of the conduction band and valance band
potential profile via epitaxial crystal growth techniques is a
design degree of freedom that might best be exploited
using a device synthesis methodology similar to that
discussed in the previous section.
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Fig. 4. (a) Evolution from a single potential barrier to an array of
barriers. (b) T(V 1.s) for the potentials in (a). The superposition of
broad resonances enables a linear transmission-voltage response.
(i) Single rectangular barrier of 4 nm, (ii) 4-nm-wide barrier with

a step, (i) same as (i) plus 1-nm-wide small barrier, and

(iv) optimized potential profile [29].

Today, a typical HBT design might make use of physical
models of electron transport based on the Boltzmann
transport equation or a semiclassical Monte Carlo method
[31] [34]. The reason why such semiclassical models are used
is because they appeared to work in the past. Unfortunately,
this approach is likely to fail as device dimensions shrink,
internal electric fields grow, and nonequilibrium electron
transport dominates device performance.

Conventional Boltzmann and Monte Carlo theories
assume that collisions may be treated as isolated local
events. The assumption of a local collision rate follows from
the quantum kinetic theory of nonequilibrium Greens
functions in slowly varying space and time potentials [35]
[37] and is often invalid in devices where scattering rates
are large and/or memory effects are important. A further
assumption is that scattering events are independent of the
driving field/potential profile. This is incorrect if, before
completion of each individual collision, other scattering
processes occur or an electron gains so much energy from

Vol. 96, No. 2, February 2008 | PROCEEDINGS OF THE IEEE 339



Levi: Towards Quantum Engineering

the field during a collision that the collision process itself is
altered. The latter is known as the intracollisional field
effect [38] [40] and typically becomes important for fields
greater than 2 10° V cm . When the characteristic time
scale (the carrier transit time) is comparable to the collision
time, as can occur in nonequilibrium electron transport,
collisional broadening can no longer be ignored. Electron
energy and wave vector become independent variables, and
the relationship between them is described by a spectral
density function. In fact, in most modern devices, the
assumptions underlying the Boltzmann and Monte Carlo
theories are invalid.

To give an indication why, consider what happens if
one places an abrupt potential barrier in the collector arm
of a HBT. Obviously, one expects quantum mechanical
reflection to play an important role in determining device
performance. Fig. 5 shows results of measuring common
emitter current gain [ with bias Vg for the AlAs/GaAs
structure sketched in the inset. It is apparent that there are
strong resonances in [ associated with quantization of
energy levels in the 40-nm-thick base-collector region.
Semiclassical arguments suggest that both elastic (impu-
rity) and inelastic scattering in the collector and delta
doped p-type base are responsible for the resonance
minima not decreasing to values closer to 3%0. A
semiclassical description of nonequilibrium electron

Fig. 5. Measured current gain 3 with bias V¢, for the AlAs/GaAs HBT
sketched in the inset. Lattice temperature is T Y44.2 K, emitter area is
5.8 10 Scm?,andbase currentis| 5¥%0.1 mA. The AlAstunnel emitter
is 8 nm thick, the p-type base is delta doped with a Be sheet
concentration of 6 108 cm 2, the AlAs collector barrier is 5 nm thick
and emitter-collector barrier separation is Xp P Xc %240 nm.
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transport leads one to believe that inelastic scattering
rates in the base present a fundamental limit to transistor
performance [41]. Thus, in an effort to quantify this limit,
one might try to calculate scattering rates for perpendic-
ular nonequilibrium electron transport across the two-
dimensional plane of p-type dopants in the base. In
addition to various other complications, these scattering
rates cannot be evaluated independently of collector bias
Vep. In fact, since base and collector regions may no
longer be treated separately, one should treat the structure
as a single inhomogeneous anisotropic scatterer. Within
linear response, this requires evaluation of the nonlocal
dielectric response €&, r%wb for the entire transistor
structure. Even this first step towards an appropriate
physical model is quite challenging [42].

In addition to the preceding, one expects quantum
interference to become important in small-scale devices
when significant changes in the carrier velocity occur on a
length scale comparable to the particle wave length but
short compared to its mean free path. In low effective
electron mass semiconductors, this occurs for potential
changes of greater than 0.2 eV and length scales less than

10 nm. The spatial potential profile, in which the
electron moves, must then be treated quantum mechan-
ically, thereby altering the states and scattering rates.
Another important requirement becomes apparent by
simply recognizing the fact that any model of electron
transport in microstructures should not violate Maxwell s
equations. Thus, one needs to be able to deal with the
possibility of large dynamic space charging effects due to
quantum mechanical reflection as, for example, occurs in a
resonant tunnel diode. Not only can elastic quantum
mechanical reflections from an abrupt change in potential
strongly influence inelastic scattering rates but also
dissipative processes can in turn modify quantum reflec-
tion and transmission rates. This type of feedback is driven
by unitarity [43], [44]. Ultimately, what is needed is a new
approach to describing quantum electron transport in
modern devices to replace the old methods that are no
longer either adequate or valid.

Today s practical problems in HBT design have roots in
what has been discussed in this section. Current difficul-
ties can be categorized into three areas, the first of which is
efficient charge injection at the emitter to achieve high
frequency response. The appropriate material composition
and band edge profile for optimal emitter performance is
unknown in part because it requires an optimal design for
the complete transistor, which, in turn, requires a level of
physically realistic model that does not exist at present.
The second issue focuses on finding the best collector
space charge region potential profile. This has a critical
influence on collector delay and breakdown voltage. The
third issue concerns the creation of degenerate minority
carrier distributions under high drive current conditions
and its influence on collector delay and breakdown
voltage. New, more physically realistic models of electron






