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1. PROJECT SUMMARY

The objective of this research program is to study theoretically the underlying principles of solid-
state dynamics and quantum mechanical transport of carriers in ultrasmall novel semiconductor devices.
The areas of research are: 1) theory of phonon modes in reduced dimensions, 2) effects of band
structure on electronic and optical properties of heterostructures, and 3) quantum transport in solids
with special emphasis on the non-perturbative role of high-electric fields and many-body effects in
dynamical processes. The treatment of these problems is mainly analytical through the development of
macroscopic and microscopic physical models with an emphasis on quantum mechanical principles. At
the same time, numerical approaches has also been utilized for realistic solutions with accuracy.
Specific subjects discussed in this report include the effects of confinement and localization on optical
and acoustic phonon modes, band mixing in phonon-assisted transitions, and Bloch electron quantum
transport theory under hot-electron conditions. The knowledge developed in this work will be of major
importance in explaining the novel phenomena and fundamental questions relating to the breakdown of
classical solid-state electronics as device dimensional scales are reduced to the submicron and ulitra-

submicron regime.




2. PROJECT DESCRIPTION

2.1 Introduction

Recent advances in semiconductor materials growth techniques, such as molecular beam epitaxy
(MBE), metalorganic chemical vapor deposition (MOCVD), and atomic layer epitaxy (ALE), have
made possible the fabrication of de.” - vith one or more dimensions approaching the spacing
between planes of atoms. These nanc:~ . <-scale techniques have also opened new possibilities for
"band gap engineering” of novel semiconductor devices, including heterostructures with spatiaily
modulated energy band gaps. By using the vanapility of the boundary conditions which can be
imposed on the wave functions, electrical and optical respouses ir thess structures can be tailored vir-
tually at will. As fabrication technology has allowed such ultrasmall sirictures to be realmd many
nev} and fundamental questions have emerged conceming the underlying physics of small dimensions
with complex, quantum-scale boundary conditions in semiconductor devices. Important issues now
under investigation include quantum mechanical phenomena such as size quantization, phase coherence,
and highly nonequilibrium transport in which a bernxrbative treatment or the assumption of linear
response is not applicable (see, for example, Refs. 1-3). More than ever before, it is important that our
ability to analyze these physical phenomena occurring at ultrasmall scales proceeds technological
developments and leads the way to future advances.

In 1990, the Office of Naval Research initiated sponsorship of a basic research program in the
Department of Electrical and Computer Engineering at North Carolina State University. The general
goal of this research program is to study theoretically solid-state dynamics and quantum mechanical
transport of carriers in ultrasmall novel semiconductor devices. The emphasis is on the development of
physical understanding of the novel phenomena mainly through analytical apprqaches. However,
numerical evaluation will also be employed for realistic solutions with accuracy. Our efforts have been

devoted to investigating three important problems. The first one is the theory of phonon modes in




heterostructures. The changes in longitudinal-optical (LO) phonon frequencies, lifetimes, and interac-
tions with carriers as a result of reduced dimensionality are the main subjects in this part of the
research. Due to the advent of lattice mismatched strained-layer (i.e., pseudomorphic) structures, the
effects of strain on LO-phonon modes have been investigated as well. Recently, the scope of this
research effort has been expanded to investigate the effects of acoustic phonon confinement on
piezoelectric scattering and deformation potential scattering. The results will be of major importance to
a wide variety of nanoscale semiconductor devices in which the scattering by quantized phonon modes
plays a significant and, at times, a dominant role in determining the electronic and optoelectronic pro-
perties. The second topic is the quantum mechanical transport of charge carriers with specific
emphasis on the effects of electron-electron and electron-phonon interactions in the presence of high-
electric fields and many-body effects in dynamical processes. A novel formalism for treating. Bloch
electron dynamics and quantum transport in electric fields of arbitrary strength and timc dependence
has been studied in an attempt to include all quantum mechanical effects collectively in the lowest
order in the scattering strength [1]. Specific interest in this inelastic scattering problem arises from
issues and questions relevant to the role of high-electric fields in influencing transport, electron relaxa-
tion, and noise generation as well as ionization processes in quantum wells, tunnel barriers, superlat-
tices, and quantum wires. At the same time, attempts have been made to study the effects of quantum
mechanical principles on carrier transport with more macroscopic approaches such as dielectric func-
tion theory. As the third topic, we have recently begun to emphasize the effects of band structure
which are critical to understanding electronic and optoelectronic properties of heterostructures.
Detailed knowledge of band structure in the presence of heterointerfaces, such as mixing and evanes-
cent states, is essential for the characteristic response of a mesoscopic system which is beyond the
realm of the conventional effective mass approximation. The main subjects of interest in this topic
include the effects of band mnxmg in linear and nonlinear optical constants, tunneling, and phonon-

assisted transitions.




Although only four years old, this program has already resulted in thirty nine refereed publica-
tions in the literature, five additional manuscripts are currently in press, and one more has been submit-
ted to a major technical journal. Numerous invited talks and presentations have been and will be given
at conferences and workshops throughout the United States and in other countries. A listing of these
publications is given in Appendix A. In addition, this research program provides a perfect complement
to other aspects of our research efforts in which numerical modeling aspects of transport study are
emphasized. Due to the complicated geometry and boundary conditions, a realistic model for a realis-
tic device structure is attainable only through numerical approaches. The accurate physical models and
understanding developed in this research facilitates the development of the numerical models better
able to explain experimental observations and to predict new physical phenomena. Overall, this
research program supported by ONR has been efficient and productive. The quality of our program
will continue to improve in the future. In this annual report, the progress and accomplishments made
during the past contract period will be summarized.

The structure of the rest of this report is as follows: in Section 2.2, the research results of the
past contract period are summarized; Section 2.3 provides the list of publications resulting from this
research supported by ONR during the 1993-94 contract period; Section 3 contains background infor-
mation describing project personnel; and the Appendices include a list of refereed publications sup-
ported by this research program since 1990 and the title page of each paper published during the

1993-94 contract period.




2.2 Summary of Research Results

This section provides the current status of our research efforts on the theory of electron-acoustic-
phonon interactions, the LO phonon lifetime, the effects of band mixing, and quantum mechanical tran-

sport in semiconductor nanostructures. The major accomplishments during the past contract period are:

e  We have derived appropriately normalized approximate expressions for the acoustic phonons
confined in a free-standing rectangular quantum wire by quantizing the acoustic phonon displace-
ments and, subsequently, have formulated the interaction Hamiltonian for the deformation poten-
tial associated with confined acoustic phonon modes in rectangular quantum wires. The deforma-
tion potential scattering rates due to the confined acoustic phonon modes have been obtained for
GaAs quantum wires with a range of cross sectional dimensions. Comparison with the
corresponding rates obtained with bulk phonons demonstrates that a proper treatment of confined
acoustic phonons may be essential to correctly modeling electron scattering rates at low energies

in nanoscale structures.

*  We have developed an approach to calculate the lifetime of LO phonons via emission of two
acoustic phonons in bulk zincblende semiconductors. The interaction Hamiltonian for anhar-
monic decay is derived based on Keating’s treatment of anharmonic contributions in the elastic
strain energy of a crystal. Application of this model to bulk GaAs provides excellent agreement
with available experimental data. Since the parameters employed in the model can be obtained
experimentally and theoretically, our approach provides a useful tool for investigating LO phonon
lifetimes in semiconductors.

. We have calculated the I'-X intersubband scattering rates due to optical phonon emission by
using a tight binding method for electrons and the dielectric continuum model for optical pho-
nons, and have demonstrated that this is an important mechanism for the I'-X relaxation process

in type-II superlattices. Among the various phonon modes, the strongest are found to be the




AlAs confined modes and the weakest are the GaAs confined modes. It is also shown that the
parity of electron states affects the transition rates significantly. The theoretical results obtained

from our calculations are in general agreement with the experimental data.

«  We have developed an extension of the Kronig-Penney model to treat mixings of different valleys
in type-II superlattices. The value of the mixing parameter used in this model was deduced by
comparison with more sophisticated theory and various experiments for the GaAs/AlAs material
system. It is shown that with the use of a single value for the mixing parameter, this simple and
efficient model can reasonably reproduce the important aspects of valley mixing effects in

GaAs/AlAs superlattices over a wide range of layer thicknesses.

. We have developed a novel formalism for treating Bloch electron dynamics and quantum tran-
sport in a superimposed uniform and oscillatory electric field. Based on this treatment, a com-
plete analysis of single-band and multi-band processes and the total transition rates including all
possible transitions have been obtained. We have also investigated the effect of localized impuri-
ties on transport of an electron in a uniform electric field, and have formulated a theory to
describe Bloch electron transport through spatially localized inhomogeneous potential barriers

using a field-dependent Green’s function approach.

Each of these results is presented in detail in the following discussions.

Electron-confined-acoustic-phonon scattering in quantum wires

A number of proposed applications of mesoscopic electronic structures involve carrier transport at
low temperatures and low carrier energies; frequently, the regime of interest is one where dimensional
confinement modifies the phase space substantially. It is well known that in this low temperature, low
energy regime, acoustic phonons play an enhanced role in carrier scattering and may dominate over the
scattering of carriers by optical phonons. In addition, in nanoscale structures it is possible that phase

space restrictions may weaken or forbid optical phonon scattering processes that would normally




dominate in bulk structures. Recently, there has been an extensive effort to study the role of dimen-

sional confinement in modifying LO phonon modes and their interactions with charge carriers in
nanoscale and mesoscopic semiconductor structures, as demonstrated by numerous publications by us
(supported by this program) as well as by others. On the other hand, there are relatively few treat-
ments dealing with the role of dimensional confinement in modifying acoustic phonon modes and their
interactiors with charge carriers. In spite of the fact that there is an extensive literature on the theory
of acoustic modes in conventional waveguides, resonators and related structures, few efforts have been
reported to formulate a theory of acoustic phonons in nanoscale structures where both phonon
confinement and a quantum mechanical treatment of phonon normalization are essential. The necessity
for such theoretical treatments has been demonstrated recently by experimental studies providing both
direct and indirect evidence [4,5] of the importance of acoustic phonon confinement in reduced dimen-

sional electronic structures.

During the past contract period, we have initiated a research effort to study the effects of
confinement on acoustic phonons and their interactions with electrons in nanoscale structures. As a
first project in this area, we have developed appropriately normalized approximate expressions for the
acoustic phonons confined in a free-standing rectangular quantum wire by quantizing the acoustic pho-
non displacements and, subsequently, have formulated the interaction Hamiltonian for the deformation
potential associated with confined acoustic phonon modes in rectangular quantum wires. In addition,
preliminary works have been done to determine the role of acoustic phonon confinement in modifying
piezoelectric scattering as well as deformation potential scattering in a number of different quantum-
wire and quantum-dot geometries of significant interest in nanoelectronics and optoelectronics. In this
section, we present our study on the effects of confinement on acoustic phonon modes in a free-

standing rectangular quantum wire and the associated deformation potential scattering.




The specific structure of our interest is a free-standing rectangular quantum wire of infinite length
in the z-direction having an x-directed height (or thickness), 2a, and a y-directed width, 2d; the origin
of coordinates in the x-y plane is taken to be at the geometric center of the rectangular cross section.
Our approach on confined acoustic phonon modes is based on the classic study by Morse on acoustic
modes in a conventional waveguide of rectangular cross section [6]. Through an extended analysis,
Morse has derived an approximate set of hybrid compressional, or dilatational, acoustic modes which
are found to accurately approximate the experimentally observed modes over a wide range of condi-
tions. Specifically, he has found that the approximate hybrid modes derived by assuming separable
boundary conditions have simple analytical representations (as in our previous analysis of optical pho-
non modes in rectangular quantum wires) and provide convenient approximations for the rectangular
geometry when the cross-sectional dimensions have aspect ratios of approximately 2 or greater.
Adopting Morse’s form for the approximate separation-of-variable solution, the x-, y-, and z-directed

acoustic mode displacements for the "thickness” mode may be written, respectively, as

u; = A{sink;x + asink,x}cos(hy)e® | (1a)
v = A{kllcosk,x + Bcoskzx}sin(hy)e““"“) . (1b)
wy = iA{—-gl—cosk,x + %(kza + hB)coskyxJcos(hy)e™ > , (10

where A is the normalization constant, y is the z-directed free wavevector, c is the phase velocity, a

and B are defined by
o _Simka 20’ + )
A AR (2a)
sinkla 2k2h
B= i TR D (2b)
and
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ki + h? = ¥(ccp? - 1], (3a)
kf + 02 = (e’ - 17, (3b)

with the compressional, or dilatational, sound speed, c4, and the transverse, or shear, sound speed, c,.
The toundary conditions for acoustic modes in free-standing structures require that the stress com-
ponents normal to the surface vanish at the surface. Application of this condition at x=ta (i..,
Tx=Tyx=T=0 at x=ta) results in an equation which serves as the dispersion relation,

tankpa _ 4k’ + )
tanka W+ -k

@

However, the corresponding boundary condition at y=td (i.e., Tyy=T,,=T,=0) cannot be satisfied
exactly due to the well-known difficulties at the comers. When d>2a, this problem can be circum-
vented since the two shear stresses T,, and T, become negligible. Accordingly, only the extensional

stress Ty, needs to vanish at the surface; this condition requires,

h=(n+ )1;.., n=012--- . &)

N =

The principal thickness mode (i.e., n=0 or h=n/2d) has no nodal surfaces parallel to the length, and is
the dominant mode. For a given h and ¥, both k; and k, may be written in terms of ¢ as shown in Eq.
(3). When substituted in Eq. (4), the phase velocity ¢ has multiple solutions due to the periodic nature
of the trigonometric functions. Consequently, the dispersion relation or the phonon frequency @y (=cY)
in a quantum wire needs an additional index m to distinguish different modes.

In addition to the thickness modes, another set of acoustic modes is observed experimentally {6].
These modes corresponds to "width modes” and are determined in a manner similar to that used to
determine the thickness modes. By satisfying the boundary conditions on the stress at y=td (i.e.,
Tyy=Tx=Tz=0), the solutions for the width modes show expressions analogous to Eq. (1) with the

roles of x and y as well as k and h interchanged, respectively. For these modes, k is then determined

—
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by approximate boundary conditions at x=ta. The dispersion relation for the width mode is identical
in form to Eq. (4). As for the thickness modes, the principal mode with k=0 is the dominant mode.
Figure 1 depicts the dispersion curves of the six lowest thickness modes (h=r/2d, m=1, - - - ,6) and the
corresponding width modes (k=0, m=1, - - - ,6) for a GaAs quantum wire free-standing in vacuum.
The quantum wire cross sectional dimension is chosen 0 be 28.3 & by 56.6 A Ge., 10 by 20 mono-
layers). As expected, the width modes tend to have lower energies than the thickness modes since the

width is greater than the thickness for the case represented in this figure.

When properly quantized, the acoustic modes derived in conventional waveguides can be applied
to describe the characteristics of confined acoustic phonon modes in semiconductor quantum wires.

Following the quantization procedure, the normalization constant in Eq. (1) may be determined by

, ©

+4a +d
1 . . . h
Fag 0% [y fonil + v+ wowiy = o

where M is the mass for a unit cell and @, is the frequency corresponding to the mode with wavevec-
tor y in the z direction, as described before. With this condition, the classical phonon displacement
may be written in terms of quantized normal coordinates, and the interaction Hamiltonians caused by
lattice vibrations can be developed readily. In particular, the interaction Hamiltonian for deformation

potential scattering is given by,

+

x oy & M

du av d
Hys =EVUCD =E, T [com + &} (M) [ ! 1, N J ,

Ynm

where ¢, ,(y) and ¢, (—y) are the usual annihilation and creation operators. In this equation, the sum
over 7y represents the usual integration over wavevector, while the sums over n and m represent the
addition of the various acoustic phonon modes. When the expressions given in Egs. (1) and (6) are
adopted for determining the phonon displacements, this Hamiltcnian provides the desired description

for the electron-acoustic-phonon interaction in rectangular quantum wires, and replaces the commonly-
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Figure 1. Dispersion curves for the six lowest width and thickness modes (m = 1, - - - ,6) of a 28.3
X x 56.6 & GaAs quantum wire. The solid lines are for the width modes, and the dashed lines are for
the thickness modes.
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Figure 2. Deformation potential scattering rates for bulk and confined acoustic phonon modes in a
28.3 A x 56.6 & GaAs quantum wire at 77 K. Enhancements in the scattering rates for the case of
confined acoustic modes occur at the onset of emission for the various width and thickness modes.
These thresholds are at 0.03, 2.36, 2.55, 4.90, 7.30, and 7.40 meV for the width modes, and at 2.06,
4.44, 5.90, 9.87, 14.5, and 15.1 meV for the thickness modes. The plotting resolution depicted is not
fine enough to illustrate fully the importance of the density-of-states effects in the rectangular quantum
wire.
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used Hamiltonian based on bulk acoustic phonons.

Based on the deformation potential interaction Hamiltonian derived above, we have calculated the
electron-acoustic-phonon scattering rates in a GaAs rectangular quantum wire free-standing in vacuum.
For simplicity, an isotropic cubic medium has been assumed and the compressional, or longitudinal,
sound speed has been taken to be that of GaAs; it should be noted that imposing both of these con-
straints makes it impossible to have a transverse sound speed matching that of GaAs. This is a conse-
quence of the fact that GaAs may be treated as having an isotropic elastic tension only in a very rough
approximation. In this work, Poisson’s ratio, o, is taken to have the physically reasonable value of
1/3; this choice fixes the value of c, for a given ¢4 in Eq. (3). The Fermi Golden Rule scattering rates
for emission and absorption are plotted in Fig. 2 as functions of electron energy. In this figure, the
extreme quantum limit is assumed and the rates are obtained for the ground (electronic) states at 77 K.
For comparison, the results for bulk acoustic modes are shown as well. Two distinct and important
features are obvious from Fig. 2. First, the appearance of structure is prominent in the scattering rates
(for confined phonons) which results from the energy threshold for the different mode values, m, of the
thickness and width modes. As can be seen from Fig. 2, each of these modes makes a notable contri-
bution to the density-of-states and to the scattering rate. In particular, the scattering rates at low ener-
gies show pronounced peaks and are strongly enhanced due to the dominance of selected compres-
sional modes in the emission process. Thus, it is essential to retain a number of acoustic modes for an
accurate estimation of scattering rates. The results shown in Fig. 2 have been obtained by including
the six lowest-order thickness modes as well as the six lowest-order width modes. Due to the limited
resolution in plotting, the details of the one dimensional nature (such as the number of peaks and their
heights) are not illustrated fully in this figure. The second important feature of Fig. 2 is that the
scattering rates for the case of the confined acoustic modes are higher than the corresponding scattering
rates based on bulk phonons. These enhanced scattering rates provide an indication that conceptual

designs for mesoscopic devices need to be based on an awareness of the fact that confined acoustic
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modes may play a significant role in carrier transport in these devices. It is also important to note that
the sets of the solutions for confined acoustic modes given above (i.e., thickness and width modes)
may not be complete. Thus it is plausible that confinement may enhance the electron-acoustic-phonon

scattering rate even more than it is presented in this work.

Theoretical calculation of LO phonon lifetimes

In polar semiconductors, carrier energy and momentum relaxation processes are frequently dom-
inated by the interaction of carriers with optical phonons, particularly the LO phonons. It is now
well-known that carrier relaxation rates underlie a range of phenomena other than simple carrier tran-
sport. Previous analyses of carrier relaxation in semiconductor microstructures have demonstrated that
emission alone does not, in general, dominate the carrier energy loss rates since subsequent .omical
phonon absorption events slow the relaxation process. Instead, it has been shown that the overall car-
rier relaxation rate is frequently dominated by the decay of the strongly interacting optical phonon into
weakly interacting acoustic phonons. Thus, the detailed knowledge of optical phonon decay, which is
characterized by lifetime, is of major importance in understanding carrier dynamics in semiconductors.
The decay process of optical phonons arises primarily from the three-phonon interaction through the
anharmonic terms of the crystal potential energy. This phenomenon has been scrutinized by a number
of authors mostly in bulk materials [7-12]. The approaches taken by these authors can be classified
broadly in two categories: highly complex and complete microscopic models [7,8,11] with parameters
which are very difficult to measure, and simpler macroscopic treatments [9,10] where attempts have
been made to approximate various anharmonic contributions by replacing them with a single parameter
related to an average of third order elastic constants or a Griineisen constant. An approach similar to
the latter treatments has been adopted recently to estimate optical phonon lifetimes in quantum wells by
taking into account the envelope functions of the confined optical phonons [12]. A major difficulty

associated with the simple approaches is that they rely on finding a valid expression for this appropri-
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ately averaged single parameter from the experimentally measurable quantities. Otherwise, it simply

acts as a fitting parameter without a solid physical basis.

Last year, we began an investigation on anharmonic decay of LO phonons in nanostructures. The
principal aim of this effort is to study the effects of reduced dimensions on the LO phonon lifetime
and the resulting carrier relaxation processes through the development of a physically valid model. To
facilitate the capability to predict, the sought-after model must incorporate parameters based on a firm
physical footing, which can be either measured experimentally or estimated from other theoretical ana-
lyses. Such a model without fitting parameters has not yet been formulated even in bulk materials not
to mention in heterostructures. As a first step toward this goal, we have developed an approach to cal-
culate the lifetime of LO phonons via emission of two acoustic phonons in bulk zincblende semicon-
ductors. The interaction Hamiltonian for anharmonic decay is derived based on Keating’s treatment of
anharmonic contributions in the elastic strain energy of a crystal {13]. Application of this model to
bulk GaAs provides excellent agreement with available experimental data. Since the parameters
employed in the model can be obtained experimentally and theoretically, our approach provides a use-
ful tool to investigate LO phonon lifetimes in semiconductors. A brief summary of the formalism and

results of our calculations are provided below.

When a crystal potential is expanded in powers of displacements of the atoms from their equili-
brium positions, we obtain a quadratic term along with cubic, quartic and other higher order terms.
For simple analysis of the dispersion relation, it is acceptable to consider only the quadratic term and
ignore the rest of the higher order terms in what is known as the harmonic approximation. However,
the harmonic approach cannot describe the decay of phonon modes caused by the cubic and other
higher-order terms, also known as the anharmonic terms, in the crystal potential. It is generally
accepted that the cubic term dominates over all anharmonic terms in phonon decay. For this process

involving three phonons, the interaction Hamiltonian may be written as
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1 2% 0y, .
Hegp -y = P®IR IR G - ®

where K, &, and ¥* (. j’» and j”) represent the phonon wavevectors (polarization modes), N is the
number of unit cells, and P describes the cubic coupling. The displacement for the phonon mode in

normal coordinates may be represented as
| Br, of &
;= [———2,,,%_ ] %; g™ + ™)., ©)

where ap; and a; are the annihilation and creation operators, &; is the polarization vector, m is the
average mass of the lattice atoms, and oy, is the frequency of the normal mode. For LO phonon
modes, the decay occurs mainly through the creation of two longitudinal-acoustic (LA) modes. At the
same time, the normal process dominates over the umklapp process when the LO phonon wavevector

is small. Retaining only this term, the decay Hamiltonian for LO phonons becomes
e Pl 1 12 oo 2_p
Hypy- = qﬁ—[ﬁ] [———uwm ] PRRE) aufal ¢€-F 207, (10)

The indices for mode polarization have been removed since only one decay path has been considered

(i.e., Ko = K'ps + K”L0). Contributions by other processes can be formulated easily from Eq. (8).

In the interaction Hamiltonian derived above, all the terms other than P(XKK”) are known.
However, it is quite difficult, if not impossible, to properly measure the anharmonic potential term. To
circumvent this problem, Keating [13] has used the theory of elasticity since there exists a relationship
between the third order elasticity coefficients and the anharmonic term in the crystal potential. Elasti-
city coefficients also are related closely to the Grineisen parameter. From the analysis, the strain

energy density U, associated with the third order contributions in cubic crystals reduces to [13]

1

U, = gcm(e? +e3 +e3) + —;—Cm[elz(@z +€3) + e3(e; + €)) + ef(e; + €] + Cppzereses (11)
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+ -;-Cl«(eﬁf +eed +esed) + _;-C,“(el(e} +ed) +eye? + ed) + ey(ed + )]
1 3, .3, . 3%, 1 2 2 2
+ Cyseteests + 7Cu(e| +e; +e3)+ -z—Clzlel(ffz + &) + ej(e3 + ¢)) + ej(e;, + )],

where Cjxy (Cyx) are the third (second) order elastic constants, respectively, and e; represents the
linear part of the strain variable as defined in Ref. 13. A careful comparison of Keating’s formulation
with that of a microscopic model by Tua and Mahan [11] reveals that U, comresponds to P as defined
in Eq. (8); accordingly, a valid expression for the decay Hamiltonian can be developed once U, is
evaluated. In general, the values for the second order and third order elastic constants can be obtained
from the literature. At the same time, the magnitude of the strain variable e¢; may be estimated based
on numerical models for lattice dynamics such as the valence shell model. Based on the Hamiltonian
Qeﬁved above, the LO phonon decay rate can be calculated readily by following Fermi's golden rule

approximation. Then, the lifetime for the LO phonon with wavevector k may be defined as

1 _ Ul
—_= l+np+ — h@p — ,

= = L [W (1 +np + ) By - Sltreng — by — e (12)
where np is the normal Bose-Einstein phonon occupation number. When more than one path exists for
decay (i.e., paths other than LO—LA+LA), each contribution is added to obtain the LO phonon life-

time. In this case, the sum in Eq. (12) is over both the phonon wavevector and mode polarization.

Using this formalism, we have calculated the lifetimes of bulk LO phonons in GaAs. In these
calculations, the values for e; have been estimated based on our previous work on the valence shell
model (which was discussed in detail in our report last year). Although elastic constants for GaAs are
available in the literature, some of the measured third-order constants (C,» and C,,, in particular)
show wide variations. To circumvent this uncertainty, we have used a relationship between the third
order elastic constants and the microscopic force constants developed by Keating [13], and have chosen

an optimum set systematically. The values adopted in this study are listed in Table 1. These values




Table 1. Third-order elastic constants for GaAs in the unit of GPa.
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Figure 3. LO phonon lifetime as a function of wavevector in bulk GaAs along the <100> and <111>

directions at 77 K and 300 K.
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are well within the range of experimental variations. Figure 3 shows the LO phonon lifetime as a
function of wavevector in bulk GaAs along the <100> and <111> directions at 77 K and 300 K. Since
the decay into two LA phonons is the dominant process, we have considered only this mechanism.
The other pracesses are either not possible (when energy and momentum cannot be conserved) or pro-
vide a small contribution to the overall lifetime. As can be seen, the lifetime decreases with increasing
temperature mainly due to the Bose-Einstein occupation number. The results obtained from our
analysis agree well with the widely accepted experimental data (3.5 ps at 300 K and 7 ps at 77 K).
The agreement is better at room temperature than at low temperatures. This is reasonable since the
third-order elastic constants used in our study are estimated at 300 K. Although elastic constants
depend on temperature, their values are not provided over a wide range of temperature. Thus, it is
likely that if temperature-dependent elastic constants become available, the accuracy of calculation can
be enhanced particularly at low temperatures. At the same time, inclusion of other decay mechanisms
(@.e., other than an LO phonon decaying into two LA phonons) reduces the lifetime by approximately
0.5 ps and, thus, further improves the agreement. From the figure, it is also found that the phonon
lifetime does not depend strongly on the phonon wavevector. As a result, the k=0 value provides a

good approximation for the LO phonon lifetime in bulk materials.

Phonon-assisted I'-X transition rates in type-II superiattices

The relaxation rates of photoexcited electrons is an important issue because of its fundamental
nature as well as for possible device applications. Contrary to the case of type-I heterostructures, the
electrons in type-II structures are excited to a direct-gap energyl level (IN) in one layer and then can
relax to an indirect-gap energy level (X) in the adjacent layer. This case is potentially significant for
device applications since electron relaxation occurs in conjunction with real-space transfer. This pro-
cess, which is normally forbidden, is now possible due to the mixing of I' and X states by the superiat-

tice potential and relaxation of momentum conservation due to interface disorder (lateral mixing).
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Several experimental results related to I'-X transfer are available in the literature. In spite of the spa-
tial charge transfer, the relaxation rate can be very high. To this date, there has been relatively little
theoretical effort to analyze the I'-X transfer in type-II structures. Recently, we have calculated the I'-
X scattering rates due to optical phonon emission using a realistic band structure model (tight binding),
and have demonstrated that this is an important mechanism for the I'-X relaxation process in type-II
superlattices.

The electron-phonon interaction in low-dimensional systems is altered strongly due to the
confinement of the carriers and the confinement of the phonons. Usually, a single-band, spherical
effective-mass model is used for the description of the confined carrier states. It is commonly assumed
that each of these states is derived from bulk states of a given symmetry only (e.g., I, X, or L), and
levels derived from different bulk states do not interact with each other. In a superattice, momentum
in the growth direction is not conserved due to the discontinuities in the superlattice potential in this
direction. Therefore, bulk states of the same energy but different symmetry can couple with each
other. As a result, the envelope-function approximation, which works very well in many cases, is not
suitable in this case. In our study, a second nearest neighbor empirical tight binding method with an
sp® basis was used for describing the electronic band structure [14]. The mixing of the T" and X val-
leys is intrinsically included in this model since the complete band-structure is described in the tight
binding method. For a proper calculation of the electron-phonon scattering rates, the effects of phonon
confinement should also be taken into account. Although we have developed a microscopic model for
lattice dynamics, using this model in the calculation of electron-phonon interactions coupled with a
realistic electronic band structure requires intensive computation. Therefore, for the description of pho-
non confinement, we used the dielectric continuum (slab) model because of its simplicity and reason-
able accuracy. In the dielectric continuum model picture, the confined modes are totally confined
within an individual layer, and the phonon potential of one type of layer is identically zero in the adja-

cent layer. Hence, phonon potentials in each well do not interact with each other, and consequently,
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confined phonon modes in a superlattice are the same as the ones for a quantum well in this picture.
The interface phonon modes in a superlattice, on the other hand, are modified due to the periodicity of
the structure and the overlapping of potentials [15]). In this case, the phonon potential extends over the
whole superiattice. The resulting Hamiltonian due to interacting interface modes is very complicated.
To simplify the calculations, we considered only the case where the phonon wavevector along the
growth direction (i.e., the wavevector in the superlattice miniband) is zero. Based on this interaction
Hamiltonian, we calculated the electron scattering rate due to optical phonon emission following
Fermi’s Golden Rule. To perform the summation, we made use of the fact that the phonon potentials
vary slowly in the unit cell compared with the atomic orbitals which are strongly localized at atomic
locations. The sum over all possible finite states within the 2-D Brillouin zone was evaluated numeri-

cally [16].

The specific structure of interest in our initial calculations was a superiattice with M monolayers
of GaAs and N monolayers of AlAs. The energy levels at the miniband minimum obtained from the
tight binding calculation as a function of AlAs layer thickness are shown in Fig. 4. The GaAs layer
thickness was kept constant at 8 monolayers. The levels are labeled as I' and X following the effective
mass notation, although each level is actually a combination of these two bulk states. Here, the super-
lattice states are labeled after the dominant of the two bulk states forming them. As can be seen, the
effect of changing the AlAs layer thickness is to make the energy difference, hence, the interaction
between the lowest I' level (T'y) and the X levels vary. The parity behavior of states needs to be men-
tioned briefly because of the effect of parity on the overlap of electronic wave functions. In the super-
lattice, the electronic wave functions have definite parity only when the electron is at the miniband
minimum or miniband maximum. When the initial state for the electron is assumed to be the bottom
of the miniband, the parity of the I state is even, regardless of AlAs layer thickness. The parity of

the X levels, on the other hand, depends on the number of AlAs monolayers. The X; levels with odd
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Figure 4. Energy levels obtained from the tight binding calculation as a function of AlAs layer thick-
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(even) i have the same (opposite) parity as N. The parity behavior of states is important because the
states of opposite parity do not mix strongly.

Scattering rates due to the emission of different phonon modes are shown in Fig. 5. The results
presented are the sums of contributions by all normal modes for a given type of phonon. In calculat-
ing the intersubband scattering rates, the electron is taken to be initially at the bottom of the I') sub-
band. It then transfers to the X, subband by emitting an optical phonon. As is apparent from Figs. 4
and S, the scattering rate is strongest when the " and X levels are closest in energy. Under this condi-
tion, the levels interact very strongly with each other and the T” level has large X character. Therefore,
the overlap ‘bctween the initial and final states is large. This interaction and the resulting large overlap
decreases rapidly as the energy separation increases. This is one of the two reasons for strong thick-
ness dependence (the other being parity) of the scattering rate. Among different phonon modes, the
AlAs confined modes are strongest, followed by the AlAs interface modes. The GaAs modes are
weaker, with the GaAs confined modes being the weakest. This is due to the fact that the final state
X, wave function is strongly confined within the AlAs layers. Consequently, the overlap involving
GaAs confined modes is very small. An interesting point to note about Fig. 5 is that the dominant
phonon modes alternate between being even and odd. This is because the parity of the X level alter-
nates as the AlAs thickness is changed by one monolayer each time. For even (odd) AlAs layer thick-
ness, the parity of the lowest X level is even (odd); hence, the even (odd) phonon modes are strong.
The effect of parity can be also be observed at cross-over points where the I' and X level energies
become very close. From Fig. 4, it is seen that the two levels have almost the same energy for N=5,
but they do not mix and repel each other. This is because I'y and X; have the opposite parities for this
thickness. For other thicknesses where the two levels become close, however, they do repel each other
because they have the same parity. This is the reason why the scattering rate for N=19 is much

stronger than for N=20. Finally, we compared our results with an experiment by de Paula {17] where




20

the T w0 X transition rate via phonon emission was obtained by a time-resolved anti-Stokes measure-
ment. For the case of M=8 and N=14, they found the transfer time to be around 1 ps, which is in

agreement with the rate calculated in this study.

Extension of Kronig-Penny model for I"-X mixing in type-II superiattices

As discussed in the previous section, an accurate description of band structure including I'-X
mixing is essential for the investigation of electronic and optoelectronic properties in type-II superiat-
tices. For the conduction bands of superlattices made of direct-gap materials (i.e., type-I), the Kronig-
Penney has been used satisfactorily to understand many important problems. However, other compli-
cated methods (such as the empirical tight binding method used in the previous section) are required to
model the superlattice when this is not the case. An accurate yet simple model for treating mixing
effects is useful to make theoretical predictions and explain the experimental results. Therefore, it is
very desirable to extend the Kronig-Penney model so that mixings of different valleys may be treated.
We developed such an extension in which the energy bands and wave functions in type-II superiattices
are calculated adopting a simplified approach formulated by Cho and Prucnal [18] along with the boun-
dary conditions introduced by Liu [19] in treating single barrier tunneling. Our model has the merit of
being easy to implement and permits the wave functions to be expressed analyticaily. Therefore, it can

be a valuable tool for simple and efficient calculations of mixing effects.

In a superlattice, the electronic state is frequently approximated by a mixture of the related zone-
center (I and zone-edge (X) bulk states. Accordingly, the wave function, v, is written as the sum of
the products of slowly varying envelope functions and band edge periodic functions (Bloch functions):
i.e., ¥ = yrur + yxuy, where ur and uy are the Bloch functions for the I" and X valleys, respectively.
In vector notation, the wave function may be expressed as ¥ = (Yr,¥x). The coupling of I and X val-
leys due to the broken translational symmetry of the crystal can be modeled by the off-diagonal ele-

ments in the potential energy [19]). For simplicity, these off-diagonal terms are represented by delta
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functions centered at the interfaces:

VHz) oiz)

V= los@ Vi@

, (13)

where z is the direction of crystal growth, o is a parameter quantifying mixing, &z) is the Dirac delta
function, and V(z) and Vx(z) define the I'-potential discontinuity and X-potential discontinuity,

respectively. The wave (envelope) function continuity condition (at z=0) is,

. -

The other boundary condition can be derived by integration of the Schrodinger equation across the

Wx
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interface:
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As can be seen, introduction of the delta function potential results in a boundary condition in which the
I" and X valleys are coupled across the interface. In obtaining this result, it is assumed that the Bloch

functions of the respective band edges in the two constituent materials do not differ significantly.

With our model, we obtained analytical expressions for the envelop functions and a transcenden-
tal equation for the energy levels. The energies of the lowest I' and X levels are shown in Fig. 6 as a
function of layer thickness with and without mixing. In this figure, & equals 0.1 eV-4; as discussed
below, this i3 a reasonable value in light of the favorable agreement with numerous experimental and
theoretical results. As can be noticed, the effect of mixing is to create an anticrossing behavior where
the two levels are expected to meet. This important feature is correctly reflected in our treatment. We

also demonstrated that the wave functions in type-II superlattices obtained from conventional Kronig-

|
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Figure 6. Energies at the miniband minimum for the two lowest levels in a GaAs/AlAs superlattice
as a function of layer thickness. The GaAs and AlAs layers are assumed to be of equal thickness.
Higher energy levels are omitted in this figure for clarity. Solid lines show the bands with 0=0.1 eV-
&, while the energies for dashed lines are obtained by setting & equal to O (i.e., conventional Kronig-
Penney model). The inset shows the anticrossing behavior in detail and has the same labels and the
units as the main figure.
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Penney model are considerably in error when the layer thicknesses are such that strong mixing of I'
and X states occurs. Near the point of anticrossing, it is imperative that the interaction of the two val-
leys be considered to have correct wave functions. Our model, as opposed to the conventional
Kronig-Penney model, yields appropriate wave functions for the mixed states. We obtained the value
of our mixing parameter (the only adjustable parameter in our model) by comparison with both experi-
ments and more sophisticated theoretical models. The values of a deduced from a variety of sources
converged around a single value (0.1 eV-R) of this parameter. As a result, we showed that the simple
and efficient model we developed could reasonably reproduce the important aspects of valley mixing

effects in type-II superlattices.

Theory of Bloch electron dynamics in electric fields

Bloch electron dynamics in electric fileds has been a subject of great interest dating back to the
earliest applications of quantum mechanics to solid state physics [1]). Even more recently, as modem
fabrication technologies continue to drive the study of solid state transport into the nanometer domain,
many new and interesting questions have emerged concerning the solid state dynamics and quantum
transport of carriers in band-engineered superiattices and tailored periodic solids.

In the past year, we have developed a novel formalism for treating Bloch electron dynamics and
quantum transport in a superimposed uniform and oscillatory electric field E(t) = E, + E,cosat. In the
formalism, the electric field is described through the use of the vector potential, and a basis set of
localized, electric field-dependent Wannier, and related envelope function is developed and utilized to
describe the dynamics. From the theory, a complete analysis of single-band and multi-band processes
is derived for a Bloch electron in the presence of a superimposed uniform and oscillatory electric field.
In the single-band approximation, it is shown that the tuning of the oscillatory field frequency ® to
some multiple N, of the Bloch frequency @y = eE a/lf results in the resonant displacement of the elec-

tron from a given site 1, to the tuned multiple of lattice sites 1;xN,a along with a concomitant




development of a DC velocity in the direction of the electric field for the initial Bloch state,
WP = 22 5 o mNaR,D) M) (1) Ju(mN@) sin(mNK5a) (16)
m>0

where ], is the Bessel function of integer order m, c=cE,alr@, and the energy band function and its

Fourier components are defined as
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On the other hand, for a fixed oscillatory field frequency @, the DC current can occur in the direction
of the electric field by tuning the Bloch frequency wg (DC field strength E,) to some multiple of the

oscillatory field frequency (i.e., @3=M,m). The DC velocity for initial Bloch state is found to be
<vn>xlx = -'2T[a‘ go (-I)Li°ll cn(lx'Ro-L) Jmﬂ,a) lx sin(l,Kaa) . ' (18)

For the one-dimensional nearest-neighbor tight-binding model, the DC velocity is

_2ac,'(a)

DC _
SI>" = -

J(0) sin(Kca) , 19

which resembles the usual Bloch velocity with a deformed band parameter €,’(a)=c, (a)J (a).

Further, from the multi-band analysis, a generalized transition rate is derived in terms of the DC
field, oscillatory field, and the relevant band parameters, showing all possible transitions include Zener
tunneling, photon assisted tunneling, multiphoton emission/absorption, as well as transitions between
states of the Wannier ladder. Based on the methodology which was developed and presented in our
carlier report, the multi-band coupling is treated in the Wigner-Weisskopf approximation, which allows
for the analysis of the long-time, time-dependent tunneling characteristics of an electron transition out
of an initially occupied band due to power absorbed by the electric field, while preserving conservation
of total transition probability over the complete set of excited bands. The total transition rate for an

electron to tunnel out of the initially occupied band is derived, and the results show the dependence of




the transition rate on the initial condition of the system and the decay rate of the initial band amplitude,
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It is noted that ‘y.,(ﬁ) consists of several § functions, which indicate the possible physical processes for
a Bloch electron in a homogeneous, time-varying electric field. The first term in 1,.(11’) indicates the

interband transition due to Zener tunneling between the deformed bands n and n’, which is proportional
© B2 Here, Dpl D) = Jac ™™, eqRD) = (a0, and Gy = () - LRI with the

deformed energy band function,

£R) = IF 0 KD Tl e, @
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where 1,0 + m® = 0. The second and third terms in v,(K) indicate the transitions between the two
deformed bands through absorption/emission of a photon, which are proportional to EZ, and the last
term suggests the interband transitions between the deformed bands via Wannier-Stark transitions, as
well as multiphonon absorption/femission. The Franz-Keldysh effect can also be explained from the

results.

In addition to Bloch electron dynamics in a homogeneous, time varying electric field, we have
investigated the effect of localized impurities on the transport of an electron in a uniform electric field
E, We have developed a theory to describe Bloch electron transport through spatially localized inho-
mogeneous potential barriers. In applying the theory, field-dependent envelope functions and currents

for a Bloch electron tunneling through single and double Slater-Koster potential barriers are derived
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using the Wannier representation within the one-dimensional nearest-neighbor tight-binding approxima-
tion. The exact solutions for the envelope functions in the Wannier representation are expressed in an
integral form through the use of the Laplace transform solutions for the envelope functions at the
impurity sites. Early time solutions are obtained for the envelope functions and the velocity is calcu-

lated for the given fields. The asymptotical behaviors for high-field and low-field limits are observed.

To study the effects of the localized potential barriers on the Wannier-Stark levels, we have
derived the electric field dependent Green's function for the one-dimensional nearest-neighbor tight-
binding band, e(K) = ¢, + 2¢,cosKa, which is

1:(—1)"

+ -
Wal) = hroog

2e 2¢

where y = (E-€,)/liwg. The Stark energy spectra for single and double Slater-Koster impurities are
calculated using the field-dependent Green’s function. The results show that for relatively low poten-
tial barriers and high electric field, the energy levels are almost uniform, resembling the Wannier-Stark
ladder, and the barriers act as perturbations; for relatively low field and high potential barriers, the
Wannier-Stark uniformity of the levels becomes distorted (see Fig. 7). Although the illustrations cited

here are for Slater-Koster barriers, the calculation is easily extended to general, localized potentials.

2.3 Publications and Presentations

During the last year, this program has resulted in nine refereed publications in the literature, five
additional manuscripts are currently in press, and one more has been submitted to a major technical
journal. Ten presentations and invited talks have been given at conferences and ivorkshops. The fol-
lowing paragraphs summarize the publications and presentations made under this program during the

past contract period.
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Figure 7. Wannier-Stark energy levels for two impurities of two lattice spacing apart with the relative
impurity strength of (a) V/2e, = 0.5 and (b) V,/2¢, = 1.0.
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An extension of the Kronig-Penney model to treat mixings of different valleys in superlattices
is presented. The value of the mixing parameter a used in the model is deduced by comparison
with more sophisticated theory and various experiments for the GaAs/AlAs material system. It
is shown that with the use of a single value for the mixing parameter, this simple and efficient
model can reasonably reproduce the important aspects of valley mixing effects in GaAs/AlAs

superiattices over a wide range of layer thicknesses.

The GaAs/Al,Ga, _,As superiattices with x>0.43
have been studied extensively because of their new physical
phenomena and possible applications.! In these superlat-
tices, for a certain range of layer thicknesses, I' and X
valleys can couple with each other strongly due to the
broken translational symmetry of the host lattice caused by
the potential discontinuity at the interfaces. Recently, there
has been considerable interest in this subject.>'? For the
conduction bands of superlattices made of direct-gap ma-
terials, the Kronig-Penney model can be used satisfacto-
rily. However, other complicated methods* ! are required
to model the superiattice when this is not the case. An
accurate yet simple model for treating mixing effects is
useful to make theoretical predictions and explain the ex-
perimental results. Therefore, it is very desirable to extend
the Kronig-Penney model so that mixings of different val-
leys may be treated. In this work, we develop such an
extension, in which the energy bands and mixed-symmetry
wave functions in superiattices are calculated adopting a
simplified approach formulated by Cho and Prucnal,'’
along with the boundary conditions introduced by Liu’ in
treating single-barrier tunneling. It is our aim to demon-
strate that this simple model with a single value of the
mixing parameter for modeling the strength of I'-X inter-
action can reproduce the important aspects of the experi-
mental results as well as those of the more complicated
theory over a wide range of dimensional scales. This sim-
plified model uses the effective-mass theory, neglects the
nonparsbolicity effects, and does not deal with lateral mix-
ing due to interface roughness;'! however, it has the merit
of being easy to implement and permits the wave functions
to be expressed analytically. Therefore, it can be a valuable
tool for simple and efficient calculation of mixing effects.

In a superlattice, the electron state is a mixture of the
zone-center I' and zone-edge X related bulk states. Accord-
ingly, the wave function ¢ is written as the sum of the
products of slowly varying envelope functions and band-
edge periodic functions (Bloch functions): ..,
Y= Prur+¥yuy, where up and uy are the Bloch functions

an
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for the I' and X valleys, respectively. In vector notation,
the wave function may be expressed as ¢=(¥r,¥y). In a
superlattice, the six-fold degeneracy of the X valley is re-
moved, with the formation of an X, doublet (momentum
along the growth axis), and an X, , quadruplet (momen-
tum in the plane). The X, , minima are not coupled to the
I valley due to the conservation of lateral momentum.
However, the I" and X, valleys are coupled with each other
since momentum in the z direction is not conserved be-
cause of the discontinuities in the superiattice potential.
Accordingly, out of all the X states, only the X, states are
mixed with the I' states by the perfect superiattice poten-
tial, and, herein, the X point will be used to mean X, par-
ticularly. The coupling of I' and X valleys due to the bro-
ken translational symmetry of the crystal can be modeled
by the off-diagonal elements in the potential energy.’ For
simplicity, these terms are represented by deita functions
centered at the interfaces,

y (V@ a6(z))
—(ab(z) Vx(2))

where a is a parameter quantifying mixing, 5§(z) is the
Dirac delta function, and Vr(z) and Vy(z) define the
I'-potential discontinuity and X-potential discontinuity, re-
spectively. The wave (envelope)-function continuity con-
dition (at z=0) is (*r, ¢x)o_=(*r, ﬁx)o_,_. The other
boundary condition can be derived by integration of the
Schrodinger equation across the interface,

(1)

ﬁz 1 alh-l 1 J¥r
(mr(z) 8:! mr(z)j&—o_)-f-a#xso. "
®r 1 Oy 1 Oy
-'z'(*—m,m |, ) % o_) +agr=0.

As can be seen, introduction of the delta-function potential
results in a boundary condition in which the I' and X
valleys are coupled across the interface. In obtaining this
result, it is assumed that the Bloch functions of the respec-
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Simplified microscopic model for electron-optical-phonon interactioas in quantum wells
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A simplified microscopic model of optical phonons in dimensionally confined structures is formulated
and applied to calculate electron—optical-phonon scattering rates in GaAs/AlAs quantum wells. For
this simplified model which circumvents performing a complicated ab initio calculation of the force con-
stants at the interface, it is demonstrated that the resulting dispersion relation and scattering rates for
electron-optical-phonon interactions agree very well with those obtained from detailed ab initio studies.
It is also shown that for GaAs/AlAs structures, the macroscopic dielectric continuum model provides a
good approximation to the scattering rate predicted by the microscopic models.

The electronic and optical properties of semiconductor
superlattices (SL's) and quantum wells (QW’s) have been
investigated extensively. A principal advantage of using
such heterostructures results from the ability to tailor the
clectronic and optical properties of the structures for
realizing a potentially vast array of high-performance
electronic and optoelectronic devices. To fully under-
stand and utilize the properties of these nanometer-scale
heterostructures, it is necessary to develop formalisms for
studying confinement effects as well as picosecond and
subpicosecond processes. It has been known for many
years that the scattering by polar-optical-phonon modes
is an important energy-loss mechanism for electrons in a
wide variety of I1I-V semiconductor devices. However,
effects of confinement on these phonon modes have been
investigated extensively only in the past several years.

In recent years, a number of models bas been put for-
ward to explain electron-optical-phonon interactions in
reduced dimensional systems. They can be broadly
classified in two categories: macroscopic' ~* and micro-
scopic.!~1? Macroscopic models ignore the effect of in-
dividual layers of atoms but they have the considerable
advantage of making the interaction calculation very sim-
ple. Among these macroscopic models are the dielectric
continuum model' ~* (slab model, which uses purely elec-
trostatic boundary conditions), hydrodynamic model,’
hybrid model,’ and a recent dispersive continuum treat-
ment of Nash.’ In some parameter regimes, these models
are fairly accurate and provide good estimates of energy-
loss rates. However, scaling of the electron-optical-
phonon interaction with diminishing device length
presents a serious challenge to the accurate use of such
modeis. As s result, there has recently been an increasing
need for more rigorous analysis and detailed knowledge
of electron-optical-phonon interactions in reduced di-
mensional systems. This has been the main motivation
for the emergence of ab initio microscopic models.'?
Though such models provide the most accurate analysis
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of the structure, they have not been used extensively.
This can be attributed to the fact that the ab initio micro-
scopic analysis involves very arduous and time consum-
ing first-principle calculations of lattice dynamics'>'*
rather than employing adjustable parameters.'3 !’

Precise ab initio calculations of force constants st the
interface may not be essential for most of the heterostruc-
tures except those involving extremely thin layers. It is
well known that even a simple linear-chain model with
nearest-neighbor force constants can predict the zone-
center LO-phonon frequencies in a SL with a reasonable
accuracy except in the cases where layers are single
monolayer thick. Such an approximate model is based on
the assumption that atomic-force constants at heterojunc-
tion interfaces are identical to those of the bulk or of uni-
form pseudomorphic layers. In a qualitative analysis of
the effect of varying force constants at the heterojunction
interfaces of a strained layer, short-period, GaAs/GaP
SL with two monolayers per SL layer, it was also found
that frequencies of the confined phonon modes are only
weakly dependent on the variations in the interfacial
force constants.!®* The variation in interfacial force con-
stants by values as extreme as 10% results in less than
about a 2% change in the frequencies of confined phonon
modes. It should be noted that as a practical matter,
changes in the frequencies of the confined LO-phonon
modes will be considerably less than 2%, since in most
SL’s and QW's the ratio of the number of bonds at the in-
terfaces to the number of bonds one or more monolayers
away from the interfaces is less than that for the case
where each layer is two monolayers thick.

Based on the results of Ref. 18, as well as on support-
ing observations from other investigators,'® we have for-
mulated a simplified microscopic model which facilitates
the accurate modeling of confined and interface phonons
without ab initio calculations of force constants. The
valence-shell model developed by Kunc and Nielson for
bulk® has been extended for the SL/QW structures. In-
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M:ny proposed appli&ﬁfns of mesoscopic electronic ﬂsm:;:‘ems _invol;re carrier
transport at low temperatures ow carrier energies; frequently, the regime of interest
is one where dimensional confinement modifies the phase space substantially. In this iow
temperature, low energy regime [1-6], acoustic phonons play an enhanced role in carrier
scattering and may dominate over the scattering of carriers by optical phonons. :
Furthermore, in nanoscale structures it is possible that 'gl‘i‘ue space restrictions may
weaken or forbid optical phonon scattering processes that would normally dominate in
bulk structures. In recent years, there has been an extensive literature on the role of
dimensional confinement in modifying optical phonon modes and their interactions with
charge carriers (see, for example, Refs. 7-11 and the numerous papers references therein).
However, there are relatively few treatments dealing with the role of dimensional
confinement in modifying acoustic phonon modes and their interactions with charge
carriers [2-4). While there is an extensive literature on the theory of acoustic modes in
conventional waveguides, resonators and related structures [S], no efforts have been
reported to formulate a theory of acoustic phonons in nanoscale structures where both
mon confinement and a quantum mechanical treatment of phonon normalization are

essential; Constantinou has, however, discussed the unnormalized acoustic phonon
modes in cylindrical polar semiconductor quantum wires [12).

In recent years, considerable theoretical and experimental effort has focused on
understanding the role of confined and interface longitudinal-optical (LO) phonons in
nanoscale and mesoscopic semiconductor structures [13]. However, relatively little
attention has beea given 10 theoretical treatments of acoustic phonon confinement or to
the interaction of confined acoustic phonons with charge carriers. The need for such
theoretical treatments has been underscored recently by experimental studies providing
both direct and indirect [3,4) evidence of the importance of acoustic phonon confinement
g In thu : beylecconic sm}ctmes. the ic phonon displacem

is papet, by appropriately quantizing the acoustic i ents we
hwobnimdmemdym&ﬁngexpmaiomfamsﬁcphammﬁnedina
number of dimensionally confined nanostructures. As for the case of LO phonon modes
in rectangular tum wires and quantum dots, there are no exact solutions for the
complete set o? phonon mo:cds; h?hwevero;ku m case lgf‘l:g) phonm:f“l modes, the bich
approximate modes presented in this w ide simp useful expressions whic!
are well suited for modeling the interaction of carriers with acoustic phonons. To
investigate the effects of reduced dimensionality on the coupling between acoustic
phonons and charge carriers, we have formulated the interaction Hamiltonians for both
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NOTE

. GENERALIZED PIEZOELECTRIC SCATTERING RATE FOR
ELECTRONS IN A TWO-DIMENSIONAL ELECTRON GAS

(Received 21 May 1993; in revised form 19 June 1993)

mopyoftheaymlumll Pneehumduhuddamnl
approximation of & Zook’s piezoelectric constan
omﬁemm!nldmcnommthephngoﬂhetwodm

As discumed previously{l], the piezoclectric scattering rate
function, W(l,2), for clectrons in s two-dimensional
clectron gas interacting with the acoustic phonon in a
awbhndeaynﬂmyhewnmu

W, 2)" h (2’),25[50) EQ)), 1))
where:
kT(eh V= { B, 2B,
s (e o @
with:
A-g Q),’_qldq‘ (o)
Q A
20202
AN oy o
and
-; 2 22 2,2
ul""l (q,+g’)(qur+QrQ:+Q:q,)‘ “b)

in these results W(1, 2) equals the rate of transitions from
initial state, 1, 1o final state, 2, per unit volume of k space,
g is the scoustic phonon wavevector normal 0 a two-dimen-
sional electron gas in the (100) plane, Qindq are the
phonon wavevectors in the (100) plane, 0 = Q2+ 02, k is

SRR ]

Boltzmann's constant, T is the temperature of the lattice, ¢
is the charge on an electron, A,, is the piezoelectric constant
which has a value of roughly 1.57 x 10° V/m for GaAs, p is
the mass density, and s,(s,) is the longitudinal (transverse)
velocity of sound in the lattice. The limitations of
eqns (1)(4b) have been discussed previously in Ref. (1]
where it is noted that a linear proportionality between
phonon frequency and phonon wavevector has been as-
sumed. Upon performing the indicated integrations over ¢:

3 9 ngx

o= e)
and
3 x 1 3x  QiQ?
et i Tgirom ™
Thus:
s _kr(eh..)'[(g e \1
2 4 (Q}+ 03" Jost

x 1 3 QlQ? 1

*(E«z:wzw* @ psf]' ©

As in Refs {1-3], the effects of screening have not been
considered in deriving eqn (6).

In the limit where the average is taken over azimuthal
directions{1}:

Q:QI-Q'8, (7a)
and
0}=01-0%2, ()
with the result that:
kT(eh,.)‘ x 131
T2 0 (32 pst 2 pr)‘ ®
as originally derived by Pme

In deriving the piezoelectric scattering rate for
a two-dimensional electron gas, it has been assumed that the
stifiness constants for the zincblende crystal are isotropic.
Indeed, for each of GaAs, GaP, InSb, InAs and InP the
three independent experimentally-determined stiffness con-
stants differ in magnitude by less than 35% from stiffness
constants consistent with an isotropic medium. On the other
hand, the generalized expression for x5,/Q may vary from
2ero to twice its azimuthally averaged value, 9x/320 de-
pending upon the relative magnitudes of Q, and Q.. While
applications such as calculstions of mobility were not
considered in this work, the fact that the generalized ex-
pression for xB8,/Q may vanish as O, or Q. goes to zero may
be of special significance of the frequently-discussed cases
where the dominant charge carrier momentum in the two-di-
mensional electron gas or the phonon momentum is highly
anisotropic; in particular, mobthnufornnhcyummy
be enhanced since the longitudinal scattering terms may be
suppressed as a result of the anisotropic form of eqn (Sa).
The variation in =8,/Q is much less pronounced having a
range from 10x/32Q to 16n/320Q depending upon the rela-
tive magnitudes of Q. and Q..
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Multiband theory of Bloch electron
dynamics in electric fields
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Abeiract. A novel multiband theory of Bloch electron dynamics in homogeneous
electric fields of arbitrary strength and time dependence is presented. In this
formalism, the electric field is described through the use of the vector potential.
Multiband coupling is treated through the use of the Wigner-Weisskopt
approximation, thus aliowing for a Bloch slectron transition out of the initial band
due to the power absorbed by the electric field; aiso, the approximation ensures
conaervation of the total transition probability over the complete set of excited
bands. The choice of the vector potential gauge ieads to a natural set of extended
time-dependent basis functions for describing Bioch electron dynamics in a

homogeneous electric fieid; an associated basis set of localized,

slectric-field-dependent Wannier and related envelope functions are developed
and utilized in the analysis to demonstrate the inherent localization manifest in
Bioch dynamics in the presence of relatively strong electric fields. From the
theory, a generalized Zener tunnelling time is derived in terms of the applied
uniform electric fieid and the relevant band parameters. The analysis shows an
slectric-tisid-enhanced broadening of the excited state probability amplitudes,
thus resuliting in spatial iattice delocalization and the onset of smearing of
discrete, Stark ladder and band-to-band transitions due to the presence of the
electric field. in addition, the velocities of a Bloch osciliation will be observed only
for the electron that is initially in & Bloch state before Zener tunnelling. Further,
the influence of electric fieids on resonant tunnelling structure is examined.

1. Introduction

Bloch electron dynamics in a homogeneous electric field
has been a subject of great interest dating back to the
earliest applications of quantum mechanics to solid state
physics [1-3]. Even more recently, as modern fabrication
technologies continue to drive the study of solid state
transport into the nanometre domain, many new and
interesting questions have emerged concerning the solid
state dynamics and quantum transport of carriers in
‘bahl‘;d-engineered’ superlattices and tailored periodic
solids.

In this paper, a novel multiband theory of Bloch
electron dynamics in homogeneous electric fields of
arbitrary strength is presented. In this formalism, the
electric field is described through the use of the vector
potential; in this regard, this work builds on the
methodology previously developed by one of the authors
(GJI) and co-workers [1-3] to describe solid state
dynamics and quantum transport for Bloch electrons
in an applied homogeneous electric field of arbitrary
strength and time dependence, including weak scattering
from randomly distributed impurities and phonons (1],
and a spatially localized, inhomogeneous electric field
[3]. In addition, multiband coupling is treated in the

0268-1242 94 050815~ 05 519 50 Z 1994 1OP Publishing Ltd

Wigner—Weisskopf (W-w) [4] approximation, a classic
approach for describing the time decay from an occupied
quasistationary state; the w~w approximation allows for
the analysis of the long-time, time-dependent tunnelling
characteristics of an electron transition out of an initially
occupied band due to the power absorbed by the electric
field, while preserving conservation of total transition
probability over the complete set of excited bands.

The choice of the vector potential gauge leads to a
natural set of basis functions for describing Bloch electron
dynamics in a homogeneous electric field. A basis set of
localized, electric-field-dependent Wannier functions and
associated envelope equations are developed to accom-
modate the inherent localization manifest in Bloch
dynamics due to a relatively strong electric field.

Building on previous methodology [3], use is made
of the instantaneous ecigenstates of the Hamiltonian
describing a Bloch electron in an electric field

Hs—-l-(P-fA(t))z+V(x) )
2m c 0 [

where V,(x) is crystal potential, A, = —cEgt is the vector

- potential for the time-independent homogeneous electric

field, E,, turned on at initial time r = 0. The solution
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Real-space transfer of photoexcited electrons in type-1I superlattices via
optical-phonon emission
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ABSTRACT

The I'-X scattering rate of electrons in type-II superlattices by optical-phonon emission is
calculated. The tight binding method for electronic band structure and the dielectric continuum
model for phonons are used. The relative strength of scattering due to different phonon modes
is examined for varying superlattice dimensions. The scattering rate is highest when the energy
separation between the ' and X levels is smallest, and decreases quickly as the separation increases.
It is found that the strongest scattering rate is due to the emission of AlAs confined modes.
Changing of parity with layer thickness and its effect on scattering are discussed.

1. INTRODUCTION

Recently, there has been considerable interest in hot carrier dynamics in heterostructures.
One important issue in this area has been the relaxation of photoexcited carriers in heterostruc-
tures from higher energy subbands to the lower ones. This process has been studied extensively
both experimentally and theoretically because of its fundamental physics and for possible device
applications.!~® Most of the work up to now has been on type-I heterostructures where the bandgap
of one material is entirely nested within the gap of another material. In this structure, electrons and
holes are both localised in the same layer. On the other hand, in the so-called type-II superlattices,
the holes are localised in one layer, whereas the lowest energy electrons are contained in the other
layer.” The well studied A1,Ga;_xAs/GaAs superlattices can be made type-II by appropriately
choosing the layer thicknesses and alloy composition. For example, the GaAs/AlAs superlattices
with thick AlAs layers are known to be type-II for GaAs layer thicknesses less than or equal to
35 A (12 monolayers).” Type-I to type-II transitions can also be achieved by application of external
forces such as an electric field or hydrostatic pressure. In the case of type-II structures, the lowest
conduction band level is not in the GaAs but in the Al,Ga;_zAs layer. In type-I heterostructures,
electrons photoexcited from the valence band to the conduction band relax to lower energy levels
within the same layer. However, in type-II structures, the electrons excited to a direct-gap energy
level (T') in one layer then can relax to an indirect-gap energy level (X) in the adjacent layer.
This is a very interesting case because electron relaxation happens with real-space transfer. This

34 /SPIE Vol. 2146 0-8194-1441.7/94/$6.00




Acoustie phonons in rectangular quantum wires: approximate compressional modes
and the corresponding deformation potential interactions
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ABSTRACT

The Hamiltonian describing the deformation potential interaction of confined acoustic phonons
with carriers is derived by quantizing the appropriate, experimentally-verified approximate com-
pressional acoustic phonon modes in a rectangunlar quantum wire. The scattering rate dus to the
deformation potential interaction is calculated for a range of quantum wire dimensions.

1. INTRODUCTION

Many proposed applications of mesosespic electronic structures involve carrier transport at
low temperatures and low carrier energies; frequently, the regime of interest is one where dimen-
sional confinement modifies the phase space substantially. In this low temperature, low energy
regime,’~® acoustic phonons play an enhanced role in carrier scattering and may dominate over
the scattering of carriers by optical phonons. Furthermore, in nancscale stuctures it is possible
that phase space restrictions may weaken or forbid optical phonon scattering processes that would
normally dominate in bulk structures. In recent years, there has been an extensive literature on the
role of dimeusional confinement in modifying longitudinal optical (LO) phonon modes and their
interactions with charge carriers in nanoscale and mesoscopic semiconductor structures (see, for
example, Refs. 7-12 and the numerous papers referenced therein). However, there are relatively
few treatments dealing with the role of dimensional confinement in modifying acoustic phonon
modes and their interactions with charge carriers.3-* While there is an extensive literature on the
theory of acoustic modes in conventional waveguides, resonators and relsted structures, few efforts
have been reported to formulate a theory of acoustic phonons in nancecale structures where both
phonon confinement and & quantum mechanical treatment of phonon normalisation are essential;
Constantinou has, however, discussed the unnormalised acoustic phonon modes in a cylindrical po-
lar semiconductor quantum wire.!? The need for such theoretical treatments has been underscored
recently by experimental studies providing both direct and indirect®* evidence of the importance
of acoustic phonon confinement in reduced dimensional electronic structures.
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Phonon-assisted I'-X transition rates in type-II superiattices
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The I'-X transition rate for electrons in type-1I superlattices is calculated for the case of optical-
phooon emission. The tight-binding method for electronic band structure and the dielectric continuum
model for phonons are used. The relative strength of scattering due to different phonon modes is exam-
ined for varying superiattice dimensions. The scattering rate is highest when the energy separation be-
tween the " and X levels is smallest, and decreases quickly as the separation increases. It is found that
the strongest scattering rate is due to the emission of AlAs confined modes. Changing of parity with lay-

er thickness and its effect on scattering are discussed.

L INTRODUCTION

Recently, there has been considerable interest in hot-
carrier dynamics in heterostructures. One important is-
sue in this area has been the relaxation of photoexcited
carriers from higher-energy subbands to the lower ones.
This process has been studied extensively both experi-
mentally and theoretically because of its fundamental na-
ture as well as for possible device applications.'~7 Most
of the work up to now has been on type-I heterostruc-
tures where the band gap of one material is entirely nest-
ed within the band gap of another material. Consequent-
ly, electrons and holes are both localized in the same lay-

er in these structures. On the other hand, in the so-called

type-11 superiattices, the holes are localized in one layer,
whereas the lowest-energy electrons are contained in the
opposite layer.® This is due to the staggered band align-
ment in these heterostructures. The well-studied
Al,Ga,_,As/GaAs superlattices can be made type-II by
appropriately choosing the layer thicknesses and alloy
compositions. For example, GaAs/AlAs superlattices
with thick AlAs layers are known to be type-II for GaAs
hyetthicknmlenthanorequalto:isk(umono-
layers).! Type-l to type-Il transitions can also be
achieved by application of external forces such as an elec-
tric field or hydrostatic pressure. In the case of type-II
structures, the lowest conduction-band level is not in the
GaAs but in the Al,Ga,_,As layer. In type-I hetero-
structures, electrons photoexcited from the valence band
to the conduction band relax to lower-energy levels
within the same layer. However, in type-II structures,
the electrons excited to a direct-gap energy level (I') in
one layer then can relax to an indirect-gap energy level
(X) in the adjacent layer. This is a very interesting case
because electron relaxation occurs in conjunction with
real-space transfer. This process, which is normally for-
bidden, is now possible due to the mixing of I' and X
states by the superiattice potential and relaxation of
momentum conservation due to interface disorder (lateral
mixing). Several experimental results related to I'-X
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transfer are available in the literature.>~7 In spite of the
spatial charge transfer, the relaxation rate can be very
high. Experimentsl evidence has been presented that
I'-X electron transfer occurs by the emission of long-
wavelength optical phonons.” However, a. detailed
theoretical analysis for the I'-X transfer in type-II struc-
tures has not yet been given. '

In this paper, we calculate the I'-X scattering rates due
to optical-phonon emission using a realistic band-
structure model and show that this is an important mech-
anism for the I'-X relaxation process in type-II superlat-
tices. The paper is organized as follows. In Sec. II, we
present the tight-binding model and the dielectric contin-
uum model used in the calculation. Evaluation of matrix
elements is explained. In Sec. III, we present and discuss
our results of electron relaxation rates. Finally, in Sec.
IV, a summary is given.

II. FORMULATION

It is well known that the electron-optical-phonon in-
teraction in low-dimensional systems can be aitered
strongly due to the confinement of the carriers and the
confinement of the phonons. Usually, a single-band,
spherical effective-mass model is used for the description
of the confined carrier states. It is commonly assumed
that each of these states is derived from bulk states of a
given symmetry only (e.g., I', X, or L), and levels derived
from different bulk states do not interact with each other.
In a superlattice, momentum in the growth direction is
not conserved due to the discontinuities in the superlat-
tice potential in this direction. Therefore, bulk states of
the same energy but different symmetry can couple with
each other. For a superlattice grown in the z direction,
the sixfold degeneracy of the X valley is removed, with
the formation of an X, doublet having momentum along
the growth axis, and an X, , quadruplet, with momentum
in the plane. The X, , and L minima are not coupled to
the T valley due to the conservation of lateral momen-
tum. Therefore, only the I'" and X, valleys are coupled

2485 © 1994 The American Physical Society
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Electron—scoustic-phonon scattering in a rectangular quantum wire is studied. The Hamiltonian
describing the deformation-potential interaction of confined acoustic phonons with carriers is derived by
in a free-atanding rectangular quantum wire. The scattering rate due to the deformation-potential in-
teraction is obtained for GaAs quantum wires with a range of cross-sectional dimensions. The results
MMlWWtofmﬂmdwoMcphommybewwwwﬂecdymdel
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L INTRODUCTION

A number of proposed applications of mesoscopic elec-
tronic structures involve carrier transport at low temper-
atures and low carrier energies; frequently, the regime of
interest is one where dimensional confinement modifies
the phase space substantially. Ituwellknownthatm
this low-temperature, low-energy regime,'™% acoustic
phonons play an enhanced role in carrier scattering and
may dominate over the scattering of carriers by optical
phonons. In addition, in nanoscale structures it is possi-
ble that phase-space restrictions may weaken or forbid
optical-phonon scattering processes that would normally
dominate in bulk structures. Recently, there has been an
extensive literature on the role of dimensional
confinement in modifying longitudinal-optical (LO) pho-
non modes and their interactions with charge carriers in
nanoscale and mesoscopic semiconductor structures (see,
for example, Refs. 7-12 and the numerous papers refer-
enced therein). On the other hand, there are relatively
few treatments dealing with the role of dimensional
confinement in modifying acoustic-phonon modes and
their interactions with charge carriers.?~4!>!* In spite of
the fact that there is an extensive literature on the theory
of acoustic modes in conventionsl waveguides, resona-
tors, and related structures, few efforts have been report-
ed on formulating a theory of acoustic phonons in nano-
scale structures, where both phonon confinement and a
quantum-mechanical treatment of phonon normalization
are essential. The necessity for such theoretical treat-

the importance of acoustic-phonon confinement in re-
duced dimensional electronic structures.

In this paper, we have obtained the normalized expres-
sions for acoustic phonons confined in a free-standing
rectangular quantum wire by appropriately quantizing
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the acoustic-phonon displacements. As is well known,
there are no exact solutions for the complete set of pho-
non modes for a rectangular quantum wire; nevertheless,
as for the case of LO phonon modes,® the approximate
modes presented in this work provide simple and useful
expressions, which are well suited for modeling the in-
teraction of carriers with acoustic phonons. As a basis
forinvesﬁpﬁngthemleofreduceddimenﬁoulityon
the coupling between acoustic phonons and carriers, we
have formulated the interaction Hamiltonian for the de-
formation potential associated with confined acoustic-
phonon modes in rectangular quantum wires. The resuit-
ing scattering rates (based on the golden rule approxima-
tion) are compared with those obtained from the bulk-
phonon modes. For numerical calculations, GaAs is used
as the material of choice throughout this study.

Il. QUANTIZATION OF COMPRESSIONAL
ACOUSTIC-PHONON MODES
FOR A RECTANGULAR QUANTUM WIRE

The compressional, or dilatational, acoustic-phonon
modes in free-standing rods of rectangular cross section
have been examined both experimentally'® and theoreti-
cally'®!” by Morse in an extended study. Morse has de-
rived an approximate set of hybrid compressional, or di-
Iatational, acoustic-phonon modes,'%!” which are found
to accurately approximate the expenmentally observed
modes over a wide range of conditions.'® Specifically,
Morse has found that the approximate hybrid modes de-
rived by assuming separable boundary conditions's!?
have simple analytical representations and provide con-
venient approximations for the rectangular geometry
when the cross-sectional dimensions have aspect ratios of
approximately 2 or greater. For smaller aspect ratios
(i.e., close to 1), Morse has argued correctly that it is
necessary to turn to numerical solutions since exact

1733 ©1994 The American Physical Society




