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" Phonon kinetics and heat removal from low-dimensional semiconductor structures

Statement of the problems studied

Our research on electron-phonon and phonon-phonon processes in low-
dimensional semiconductor nanostructures has been focused on the effects of a
surfaces and interfaces on the electron energy and momentum relaxation rates due
to acoustic phonon emission [1-8, 11, 16-21], new specific mechanism of electron
interaction with acoustic phonons in semiconductor heterostructures [9-10],
electron and phonon heating [1,7, 12-14], and phonon-induced processes of
charge carriers loosing phase coherence in heterostructures [4,7]. Our research
provides the necessary basis for the control of the heat dissipation and for the
design of nanodevices with electron-phonon relaxation rates required for specific
applications, such as quantum computing [4,23], ultrasensitive hot-electron
detectors and quantum nanocalorimeters [5], fast transistors, and light-emitting
devices. The following briefly describes our results.

Summary of the most important results

1. Effects of Surfaces and Interfaces on Energy and Momentum Relaxation
Rates

In the first part of our study, we addressed the effect of proximity of a quantum
well to a stress-free surface of the semiconductor heterostructure on the
momentum relaxation rate of two-dimensional electrons interacting with acoustic
phonons via piezoelectric and deformation potentials. The peculiarities of the
near-surface scattering originate from two sources: modification of the acoustic-




_—

- Joyce McFarland - FinalReport-34912-EL.doc

__Page3

phonon modes caused by the stress-free crystal surface and dependence of the
phonon-induced piezoelectric potential on the dielectric properties of a medium
ion contact with the semiconductor. The result obtained demonstrate that for
narrow quantum wells placed close to the surface the relaxation rate at low
temperatures (Bloch-Gruneisen regime) is changed considerably in comparison
with that of a two-dimensional electron gas placed in a bulk of semiconductor.
For the temperatures where the piezoelectric potential interaction dominates over
the deformation potential interaction, the near-surface relaxation rate is enhanced
in the case of a semiconductor-vacuum system and is suppressed in the case of the
surface covered by a thin metal film. The temperature dependence of the near-
surface momentum relaxation rate is found to be T - for values of the temperature
T far below the Bloch-Gruneisen temperature. For a semiconductor-vacuum
system, 0=3 and 0 = 5 for piezoelectric and deformation potential scattering,
respectively; for a semiconductor-metal system, O = 5 for both mechanisms. The
screening effects taking into account changes the temperature dependencies of
momentum relaxation rates: for a semiconductor-vacuum system, the temperature
dependencies are now determined by O = 7 and also O = 7 for piezoelectric and
deformation potential scattering, respectively. Surprisingly, the screening does not
change the value of U in the case of metal-semiconductor system.

In the second pat, we model the influence of a cap layer with a fixed thickness
placed on top of a semi-infinite heterostructure on the energy and momentum
relaxation rates for two-dimensional electrons localized in the lowest subband of a
quantum well and interacting with the acoustic phonon via the deformation
potential. The relaxation rates are derived from the corresponding balance
equations for a small deviation from the thermodynamics equilibrium. Our
numerical results indicate that at low temperatures the efficiency of the scattering
is changed substantially depending on the mechanical conditions at the surface;
the cases of free and rigid surfaces are considered. We have analyzed the
dependencies of the electron energy and momentum rates on the distance from the
electron layer to the surface, on the temperature and electron concentration. The
efficiencies of relaxation are shown to change substantially (up to two times for
standard parameters of GaAs of InAs based quantum wells) depending
nonmonotonically on the distance of the 2D layer to the surface and on the
electron temperature. Decreasing the momentum relaxation rate due to the surface
effect in thin (to 5 nm width) quantum wells gives rise to the possibility of
obtaining 2D electron layers with extremely high mobility, limited only by the
scattering on structure defects and on roughness of the interfaces, under higher
temperatures. Thus, phonon engineering may be used to substantially modify the
relaxation processes in selected quantum-based devices.

We have considered the emission of nonequilibrium acoustic phonons in the
process of spin-flip transitions of electrons in non-symmetric quantum wells. The
spin-splitting of the electron energy spectra causes the modifications of the energy
and angular distributions as functions of the transverse voltage. The spin-flip
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contribution to the emission rate is substantial for the phonons being emitted at
considerable angles to the normal direction. The intensity of phonon emission for
such angles increases in several times for InAs-based quantum wells, due to the
contribution of spin-flip transitions.

2. Contribution of Effective Mass Variation to Electron Scattering on Acoustic
Phonons

In bulk semiconductors, interaction via the deformation potential is the
predominant mechanisms of electron scattering on acoustic phonons. This
interaction was also thought to determine the kinetics of confined electrons in
quantum heterostructures, the size and shape of the heterostructure affecting only
the wave functions of participating phonon modes. We have suggested and
explored a new specific mechanism of electron interaction with acoustic phonons
in heterostructures, which is determined by the electron effective mass variation
in the structure.

We have demonstrated the role of the deformation dependence of the electron
effective mass in the interaction of electrons with acoustic phonons in quantum
heterostructures. Starting from microscopic consideration, we have derived the
electron-acoustic phonon interaction Hamiltonian, which describes the
deformation-potential interaction and the overall contribution of the interfaces.
To determine the electron energy perturbation caused by a smooth lattice
displacement, we used the model of deformed ions. In this approach, the presence
of interfaces is accounted for by the lattice potential. To calculate the electron
wave functions, we exploited a tight-binding approach in a crystal with a simple
cubic lattice and assumed that only first-neighbor cell couplings are nonzero.

We have demonstrated that the interaction of electrons confined in a nanostructure
with acoustic phonons in a cubic crystal is described by a deformation-potential
tensor whose symmetry is determined by the geometry of the nanostructure. The
deformation dependence of the effective mass contributes considerably to a size-
dependent part to the electron-acoustic phonon interaction. This contribution can
exceed those from the usual deformation potential and from complementary
mechanism due to the vibrations of heterointerface boundaries. Unlike the usual
deformation interaction in cubic crystals, the new mechanism as well as the
boundary-vibration mechanism may involve electron interaction with transverse
acoustic phonons. For narrow quantum wells, the interaction with longitudinal
acoustic modes caused by the new mechanism is comparable to and may
overcome that from the bulk deformation potential.

Having used the obtained general formulas, we considered the finite-size effect in
the interlevel transitions in cubical quantum dots in a GaAs structure. The new
contribution to the electron-acoustic phonon Hamiltonian which is caused by the
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deformation dependence of the electron effective mass is proportional to inverse
square of the quantum dot. Therefore, the obtained correction terms grow
considerably with the dot size decreasing. For small GaAs-based quantum dots,
this contribution is comparable with and can overcome that from the usual
deformation potential coupling.

However, for small (<50nm) quantum dots our continuum approach becomes
inappropriate. Thus, further development of the theory is necessary to describe
small-dot structures, which are especially important in applications.

3. Phonon-induced Electron Dephasing in Heterostructures

The electron dephasing in ultrathin films and nanostructures is of vital importance
for nanoelectronics and has been intensively studied during recent decades.
Temperature-dependent dephasing rate is mainly determined by the electron-
electron and electron-phonon interactions. While theoretical results pertaining to
electron-electron scattering are confirmed by many experiments, the electron-
phonon mechanism is still poorly understood.

Unfortunately, most researchers employ the standard clean-limit concept, its
uncritical application leading to incorrect and controversial conclusions. We
suggest and investigate more reliable electron-phonon interaction model taking
into account electron scattering from boundaries, defects and impurities. We
found that even relatively weak static potential drastically changes the effective
electron-phonon coupling and corresponding electron dephasing rate.

The electron scattering from boundaries and impurities destroys the single-particle
picture of the electron-phonon interaction. We have shown that quantum
interference between 'pure' electron-phonon and electron-boundary/impurity
scattering may result in the reduction as well as to the significant enhancement of
the electron dephasing rate. This effect crucially depends on the extent to which
electron scatterers, such as boundaries and impurities, are dragged by phonons.

In our model [1,7], both static and vibrating scatterers are described by two
dimensionless parameters g/ and gL, where g is the wave vector of the thermal
phonon, / is the total electron mean free path, and L is the mean free path due to
scattering from static scatterers. Without static scatterers, the dephasing rate at
low temperatures is slower by the factor 1/g/ than the rate in a pure bulk material.
In contrast, in the presence of static potential the dephasing becomes 1/gL times
faster. This low-temperature electron dephasing is mainly determined by
transverse phonons.

Thus, at low temperatures electron dephasing and energy relaxation may be
controlled by electron boundary/impurity scattering in a wide range, which is
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apparently important for applications. The dephasing rate can be increased or
decreased compared to the rate in a pure bulk material. The predicted
enhancement of the electron-phonon interaction due to disorder and T--
dependence of the electron-phonon dephasing rate have been found recently in
experiments on thin metallic films and semiconducting heterostructures. In the
next year, we plan to continue investigations in this direction with improved
theoretical model incorporating modification of the phonon spectrum.

4. Imj)act on Solid-State Elements for Quantum Computing

Study of the electron-phonon interaction in nanostructures will also have
immediate impact on the design of solid-state elements for quantum computing
and cryptography [4, 23, 24]. The electron-phonon interaction plays a twofold role
in solid-state elements for quantum computing. In coherent boxes, it controls the
dephasing of electron subsystem and limits the time, which may be used for
quantum manipulation. In readout nanodevices, the electron-phonon interaction is
a basic mechanism of electron relaxation, it determines the characteristic time and
sensitivity of quantum electrometers. The requirements on coupling between the
coherent box and environment during quantum manipulations and quantum
measurements contradict each other. During manipulations, decoherence should
be minimized, while during measurements the quantum state should be déphased.
To provide dephasing, the quantum measurement is performed by driving the
electrometer out of equilibrium. After nonequilibrium dephasing the electrometer
should relax to equilibrium as fast as possible.

The problem of the fast electron-phonon relaxation after quantum
measurement is even more important. The increase of electron-phonon scattering
time with decreasing operating temperature is very significant: it causes a very
large thermal resistance between electrons and phonons. As a result, electrons are
easily overheated by an external disturbance and slowly relax to equilibrium. For
instance, at an operating temperature of 25mK and a bias current of [=5pA via the
electrometer, the effective temperature was found to be 220mK (see [4,23]). At an
operating temperature of 20 mK the effective electron temperature was
determined to be about 80mK. Thus, as emphasized slow electron-phonon
relaxation limits applications of solid-state elements at ultralow temperatures.

Our research allows one to control the electron-phonon relaxation and
dephasing rates in nanostructures, which are considered as promising elements for
quantum computing.
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