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ABSTRACT

This thesis presents theoretical studies of three topics in
solid state physics. Chapters 2 and 3 are concerned with the Auger
and radiative decay properties of excitons bound to acceptors in
indirect and direct band semiconductors, respectively. Chapter 4
deals with the transport properties of carriers across semiconductor
heterojunctions. Chapter 5 treats the effect of a heterojunction
on carrier impact ionization (the inverse of a free carrier Auger
process).

In Chapter 2, we present calculations of the phononless Auger
and radiative transition rates for excitons bound to the four common
shallow acceptors (B, Al, Ga and In) in Si and Ge. The calculated
’Auger rates for the bound excitons in Si vary significantly for the
different acceptors, increasing rapidly as the acceptor binding energy
increases. This is in agreement with the rapid decrease with
increasing acceptor binding energy of measured acceptor bound exciton
lifetimes in Si. Numerically, the calculated Auger rates are within
about a factor of three of the measured recombination rates for the
different acceptors. The dependence of the Auger rates on acceptor
binding energy is due to an increased spreading in momentum space
of the bound exciton wavefunction. In Ge, the calculated Auger rates
are orders of magnitude less than the measured free exciton re-

combination rate in undoped Ge, suggesting that the phononless Auger



transition is not important for acceptor bound excitons in Ge. This

is consistent with the experimental observation that light doping

with shallow acceptors has 1little effect on the Tifetimes of photo-
excited carriers at low temperatures in Ge; whereas, in Si the carrier
lifetimes can be decreased by orders of magnitude. The principle dif-
ference between Si and Ge is that the acceptor binding energies are
much greater in Si than they are in Ge. The calculation of radia-

tive transition rates is compared to estimates obtained from absorption
experiments. Results of the calculation agree with experiment to
within a factor of two.

In Chapter 3, we present calculations of the Auger and radiative
recombination rates for acceptor bound excitons in the HgCdTe alloy
system and in GaAs. The transition rates are computed as a function
of band gap in the HgCdTe alloy and as a function of the acceptor
binding energy. The Auger rate is found to increase and the radiative
rate to decrease with increasing acceptor binding energy. The
radiative recombination rate is found to increase with increasing
band gap. The Auger rate decreases with increasing band gap except:
when the band gap first exceeds the spin-orbit splitting in the
valence band and for band gaps less than about 0.2 eV where the
density of final hole states and the electron-hole overlap becomes
small. We find that Auger recombination is dominant for hydrogenic

acceptors in HgCdTe for materials with a band gap less than about
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0.35 eV and radiative recombination is dominant for larger gap
materials. For deeper acceptors, this crossover occurs at larger
band gaps. For GaAs, we find that radiative recombination dominates
for all reasonably shallow acceptors.

In Chapter 4, we present calculations of reflection and trans-
mission coefficients for electrons and holes at abrupt and graded

(100) interfaces for the GaAs-Ga A]XAs system. We consider semi-

1-x
infinite crystals of the two semiconductors joined at an abrupt

or compositionally graded interface. The calculations are performed
using the empirical tight binding approximation. The transport co-
efficients were computed as a function of the components of the
incident carrier wavevector normal and parallel to the interface.

We have investigated the transport coefficients for incident states
near various band minima into different final state channels. The
transmission into states with qualitatively similar character to

the incident state is found to be much greater than transmission
into states of different character. For example, an electron near
the X minimum normal to the interface in Ga]_xAles transmits into
the X valley of GaAs with much greater probability than it transmits
into the T minimum of GaAs. The dependence of the transport coef-
ficients on the alloy composition has been investigated. The effect
of the distance over which the interface is graded on the transport

coefficients has also been investigated.
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In Chapter 5, we present a theoretical study of impact joniza-
tion in heterojunction systems. We find that impact ioni zation by
electrons near the conduction band minimum of the Targer band gap
material can occur in two ways: the electron can transmit into the
smaller gap material and undergo essentially bulk impact ionization;
the electron can impact ionize at the interface. We concentrate on
the second process, which leads to a probability for impact ioniza-
tion at the interface. We find a general formula for the first order
contribution to this probability. For a simple model we find a
simple expression for the interface impact ionization probability
which demonstrates the dependences of this probability on the incident
electron wavevector component normal to the interface, the conduction

band offsets, and the energy gap of the smaller gap material.



viii

Parts of this thesis either have been or will be published under

the following titles:

Chapter 2:

Bound Exciton Lifetimes for Acceptors in Si, S. A. Lyon, G. C.

Osbourn, D. L. Smith, and T. C. McGill, Solid State Commun. 23,
425 (1977).

Auger Transition Rates for Excitons Bound to Acceptors in Si and Ge,

G. C. Osbourn and D. L. Smith, Phys. Rev. B16, 5426 (1977).

Bound Exciton Absorption in Si:Al, Si:Ga, and Si:In, K. R. Elliott,

G. C. Osbourn, D. L. Smith, and T. C. McGill, Phys. Rev. B17, 1808
(1978).

Chapter 3:

Auger and Radiative Recombination of Acceptor Bound Excitons in Semi-

conductors, G. C. Osbourn, S. A. Lyon, K. R. Elliott, D. L. Smith,
and T. C. McGill, Solid State Electron. 21, 1339 (1978).

Auger and Radiative Transition Rates for Acceptor Bound Excitons in

Direct Gap Semiconductors, G. C. Osbourn and D. L. Smith, (submitted

to Physical Review)



ix

Chapter 4.

Transmission and Reflection Coefficients of Carriers at an Abrupt

GaAs-GaAlAs (100) Interface, G. C. Osbourn and D. L. Smith, Phys,

Rev. B,  (1979).

Carrier Transport Across GaAs-GaAlAs (100) Interfaces, G. C. Osbourn

and D. L. Smith, (to apoear in J. Vac. Sci. Technol,)

Chapter 5:

Impact Ionization in Heterojunctions, G. C. Osbourn and D, L. Smith,

(in preparation)



TABLE OF CONTENTS

ACKNOWLEDGEMENTS
ABSTRACT
TABLE OF CONTENTS
CHAPTER 1. INTRODUCTION
I. Background
IT. Outline of Thesis
ITI. Summary of Main Results

REFERENCES

CHAPTER 2. AUGER AND RADIATIVE TRANSITION RATES OF ACCEPTOR
BOUND EXCITONS IN INDIRECT GAP SEMICONDUCTORS

I. Introduction

II. Qualitative Physics of the Auger and Radiative

Transition Rates

ITI. Calculation of Auger and Radiative Transition

Rates
IV. Results of Calculation

V. Summary and Conclusion

APPENDIX: DIELECTRIC FUNCTION CONTRIBUTION
TO SHORT RANGE POTENTIAL

REFERENCES

12

18

21

23

24

a1

31

49

59

61
62



X

CHAPTER 3. AUGER AND RADIATIVE TRANSITION RATES OF
ACCEPTOR BOUND EXCITONS IN DIRECT GAP SEMI-
CONDUCTORS 66
I. Introduction 67

IT. Qualitative Behavior of Auger and Radiative

Transitions 68
IIT. Calculation of Auger and Radiative Transition
Rates 72
IV. Results 80
V. Summary and Conclusions - 86
REFERENCES 87
CHAPTER 4. TRANSMISSION AND REFLECTION COEFFICIENTS FOR
CARRIERS AT ABRUPT AND COMPOSITIONALLY GRADED
GaAs-GaAlAs (100) INTERFACES 89
I. Introduction 90
II. Theoretical Approach 9]
ITI. Evanescent States 104
IV. Qualitative Features of Carrier Transport
Coefficients 108
V. Numerical Results 113

VI. Summary and Conclusions 128



APPENDIX:

REFERENCES

CHAPTER 5.
Ls

11
ITI.
IvV.

Introduction
Theoretical Calculation
Qualitative Dependences

Summary and Conclusions

REFERENCES

Reciprocity Theorem

IMPACT IONIZATION IN HETEROJUNCTIONS

132

135

137
138
139
147
151
152



CHAPTER 1



I. BACKGROUND

The study of periodic crystals has led to substantial under-
standing of the bulk electronic properties of solids. Theoretically,
the use of Bloch's theorem in the Hartree-Fock approximation has
greatly simplified the problem leading to a qualitative and reasonably
good quantitative description of the e]ectfonic states of periodic
solids. There is great current interest in extending this treatment
to include electronic states not described in the Hartree Fock
approximation and to describe the electronic states of solids with
periodicity in less than three dimensions.

The exciton is a state not described in the Hartree Fock ap-
proximation, consisting of an electron bound to a hole by their
mutual Coloumb interaction. The exciton can move freely through the
solid, and in this case is referred to as a free exciton (FE) (]).

An exciton can also become captured by an impurity, and is then

(2)

called a bound exciton (BE) In Si, the binding energy of the

(3).

electron and hole in the FE is 14.7 meV For the common shallow

acceptor impurities in Si, the binding energy of the exciton on the .

(2)

impurity ranges from 5 meV to 16 meV At Tow temperatures, FE

and BE can be created by exciting excess electron hole pairs with a
laser. These states can be directly studied experimenta]]y by ob-

serving the characteristic Tluminescence produced by their decay.

The energy of the emitted photons can be used to obtain binding
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energies of the states. The intensity of the luminescence is
proportional to the number of states present in the solid. By ob-
serving the time decay of the Tuminescence of a particular state

after turning off the laser source, the decay time of the state is
directly obtained. The decay time and the decay mechanisms of the

BE are important because at lTow temperatures BE decay can be the
dominant route by which excess electrons and holes excited in a

solid ultimately decay. For example, carriers created in Si by laser
excitation rapidly bind to form FE. The cross section for the binding
of an electron to a hole has been theoretically estimated to be

-13cm2 (5). (6))

"10 The FE can decay (with a lifetime of 2.6 usec or

bind to an impurity. The capture cross section for an exciton on

an In acceptor has recently been found experimentally to be greater

']3cm2 K (7).

for temperatures less than 10° For concentrations

-3

than 10
of In greater than 1O]6cm , the capture time of the exciton on an
impurity is less than the decay time of the BE after it has been
captured. BE Tifetimes have been measured for the common acceptors in

(4) (8)

Si, and range from 1 usec to 2.7 nsec For the above range
of impurity concentrations and temperatures, the formation and decay
of BE therefore provides the most rapid decay mechanism for excess
carriers, with the rate 1imiting step being the decay of the BE. It
is therefore interesting to study the possible decay mechanisms of
the BE. The major decay modes are radiative (no phonon assistance),

Auger (no phonon assistance), and phonon assisted radiative and Auger.
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In radiatiye decay, the electron recombines with a hole and the
energy released is emitted as a photon, In Auger decay, the energy
released is given off to fhe remaining hole so that the acceptor is
ionized. Phonon assisted transitions involve the accompanying
emission of a phonon. Phonon assisted decay is typically slow, so
that the important decay mechanisms are no phonon radiative and no
phonon Auger (hereafter referred to as simply radiative and Auger).
The relative importance of radiative and Auger decay depends on
whether the band gap of the semiconductor is direct or indirect.
Direct band gap materials are those in which the conduction band
minimum occurs at the same wavevector as the valence band maximum,
while indirect gap materials are those in which the conduction band
minimum occurs at a different wavevector than the valence band
maximum. In Figure 1, the band structure on the left has a direct
band gap while the one on the right is indirect. BE radiative decay
involves recombination of electrons and holes at the same wavevector
in k-space. The electron in the acceptor BE tends to be near the
conduction band minimum, and the holes are near the valence band
maximum. This leads to: fast radiative transitions in direct gap
materials because the electron and holes are in the same region of
k-space; slow radiative transitions in indirect gap materials
because the electromsand holes tend to be widely separated in k-space.

As a result, Auger transitions of acceptor BE are usually fast



Fig. 1. The band structure on the left is for a direct band gap
material, while the one on the right is for an indirect band gap

material.
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relative to radiative transitions in indirect gap materials (4’9—]2),
while in direct gap materials the reverse is typically true (]3"]5).
In this thesis calculations of radiative and Auger transition rates
for acceptor BE are presented. The motivation for the work is to

(i) identify the decay mechanism of the BE by comparing computed
Tifetimes with experiment, (ii) understand the qualitative dependence
of the transition rates on acceptor type and semiconductor matéria]
type. The indirect gap and direct gap cases are treated separately

in Chapters 2 and 3 because, as discussed above, the qualitative
physics of BE decay is completely different for these cases.

One of the simplest systems with periodicity in less than three
dimensions is the heterojunction. The ideal heterojunction consists
of two different crystals with the same lattice structures and the
same lattice constants joined at an interface. Semiconductor
heterojunctions have recently attracted a great deal of theoretical

and experimental interest (]6).

Theoretically, the study of the
Hartree Fock electronic states is greatly simplified by the
periodicity of the heterojunction in the plane parallel to the inter-
face. These states can be constructed as eigenstates of wavevectors
in the plane parallel to the interface (k||). Experimentally, a new
crystal growing technique called molecular beam epitaxy has made
possible the construction of well characterized semiconductor
heterojunctions which are very nearly abrupt on the atomic scale

(]7'25). An interesting feature of heterojunction systems that can
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be studied theoretically by constructing the one electron states

of these systems is the possibility of quantum mechanical reflection
of electrons and holes at the interface. Although quantum mechanical
reflection of carriers has an important effect on the transport
properties of the carriers in the heterojunction system, no realistic
studies of this effect have been made. A nearly ideal heterojunc-
tion system for studying quantum mechanical reflection is the
GaAs-Al, Ga,_,As interface. These semiconductors have a very small
lattice mismatch and are chemically similar. In addition, the alloy
A1xGa1_xAs provides a continuous range of different materials to
study. Finally, this system has been frequently studied experimental-
ly. As the alloy composition x is varied from 0 to 1, the alloy
changes from the direct band gap material GaAs to the indirect

band gap material AlAs. The GaAs conduction band minimum is at

the wavevector %E (0,0,0) (called the I point) and the AlAs minimum

is at k = gﬂ-(l,0,0) (called the X point). In the range of x for
which the alloy band gap is indirect (direct) electrons incident

in the interface from the alloy side start out in the conduction band
near the X(T) point. For the indirect alloy case, incident electrons
in the alloy that transmit can do so into the GaAs conduction band
near either the X point or the T point. The possibility of transport
into more than one transmission state is an interesting aspect of
heterojunction systems without analogy in simple one-dimensional

models of quantum mechanical transmission and reflection of electrons.
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In Chapter 4, calculations of reflection and transmission coefficients
for carriers incident on abrupt and compositionally graded GaAs-

A]XGa As (100) interfaces are presented. The motivation of the work

1-x
was to understand the dependence of the quantum mechanical transmis-
sion and reflection coefficients on: (i) the wavevector of the
incident state; (ii) the alloy composition x of A]XGa]_xAs;

(iii) the distance over which the interface is compositionally
graded. In addition, it was desired to understand the relative
importance of electron transmission from states near X in the alloy
into GaAs states near either X or T.

Impact ionization, in which a high energy carrier relaxes to a
lower energy state in the same band by exciting an electron hole
pair, is a process of great interest in bulk materials because it
is usually the cause of avalanche breakdown of reverse biased
diodes. This process has been studied frequently both experimentally

and theoretically (]2’26).

Impact ionization in heterojunction
systems can also produce interesting effects. The threshold current
of an infrared heterojunction laser might be reduced by the impact
ionization of carriers injected from a high band gap material into

a smaller band gap active region of the laser. It has been sug-
gested that impact ionization of carriers in the base region of a

(]6), An example

heterojunction transistor might lead to an o > 1
of a heterojunction system that could exhibit such impact ionization

processes is the CdTe—Hg]_XCdee interface. The CdTe material has
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a band gap of 1.5 eV and the alloy Hg]_xCdXTe has a band gap that
can be varied from 1.5 eV to 0 eV by increasing the HgTe content,
Until now, the mechanism for impact ionization in the heterojunction
has been considered to be essentially a bulk effect occurring in the
smaller gap material. The bulk impact ionization process is the
inverse of free carrier Auger recombination, and both processes

require total wavevector conservation (]1’]2).

However, in the
heterojunction system k is not conserved in the direction normal to
the interface, so that the k conservation requirement can be relaxed.
As a result, impact ionization by electrons near the conduction band
minimum of a larger band gap material can occur in two ways in the
heterojunction system: the carrier can cross the interface into the
smaller gap material and undergo essentially bulk impact ionization;
the carrier can impact ionize at the interface. The first process
is the one usually considered as the impact ionization mechanism

in the heterojunction system. To the author's knowledge, this is
the first suggestion in the literature of the existence of the
second process, which produces a nonzero probability for carriers

to impact ionize at the interface. In Chapter 5, we present a
theoretical study of impact ionization in the heterojunction system.
We concentrate on the interesting case of impact ionization at the

interface. The qualitative dependence of this process on the normal

component of the incident carrier wavevector, the conduction band
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offsets, and the energy gap of the smaller gap material have been

determined.
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IT. OUTLINE OF THESIS

In Chapter 2, calculations are presented for Auger and radiative
transition rates for excitons bound to acceptors fn the indirect gap
materials Si and Ge. In Si, acceptor BE lifetimes have been measured
for the common acceptors B, Al, Ga, and In. The observed 1lifetimes
vary over almost three orders of magnitude from 1 usec for B to
2.7 nsec for In. Estimates of radiative lifetimes obtained from
optical absorption measurements are several orders of magnitude
lTonger than the longest observed BE 1ifetime (for B), so that the
decay mechanism of the acceptor BE in Si is nonradiative. By com-
paring observed BE lifetimes with calculated Auger Tifetimes, we
conclude that the acceptor BE in Si decays by the Auger transition.
In addition, the strong dependence of the BE lifetimes on acceptor
type is understood qualitatively in terms of the dependence.of the
Auger transition rate on the k-space spreading of the BE wavefunction.
The Auger transition requires a large amplitude for the BE k-space
wavefunction to have the same wavevector as the final state ionized
hole. In indirect band gap materials, the BE wavefunction is peaked
in a region of k space away from the final state hole wavevector,
so that spreading out of the BE wavefunction is necessary to have
fast Auger rates. Spreading of the BE wavefunction in k-space
corresponds to localization of the BE holes tightly about the

acceptor. Acceptors with large acceptor binding energies tightly
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bind the BE holes, so that the k-space spreading of the BE wave-
function is large and the Auger rates are fast. The situation for v
Ge is qualitatively different than that for Si. Measured BE
lifetimes for B, Al, Ga, and In in Ge are all essentially equal to
the FE 1ifetime which is 7 usec. The calculation of the acceptor

BE Auger lifetimes in Ge produces results that are orders of magnitude
longer than the experimental lifetimes, demonstrating that the
qualitatively different behavior of the BE decay in Ge occurs

because the Auger rate is unimportant in Ge. Acceptor BE Auger
transition rates are slow in Ge because the acceptors have small
binding energies so that the k-space spreading of the BE wavefunction
is small. Radiative transitions are also quite slow (the oscillator
strengths are too weak to measure experimentally) so that acceptor

BE Tifetimes in Ge are not determined by Auger or radiative
transitions.

In Chapter 3, calculations are presented for Auger and radiative
transition rates for excitons bound to acceptors in the direct gap
materials Hg]_xCdXTe and GaAs. In direct gap materials, it is found
that for a fixed acceptor type the Auger transition rate generally
decreases for larger energy gap materials while the radiative rate
increases. For direct gap materials with large band gap the
radiative transition determines the acceptor BE lifetimes, while for
sufficiently small gaps the Auger transition dominates. The alloy

Hg]_XCdXTe is a good system in which to study the dependence of the
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transition rates in the small gap regime because the band gap can

be varied from 0 eV to 1.5 eV by varying the alloy composition x

from 0 to 1. It is found for shallow acceptors that the BE Auger
rate becomes equal to the radiative rate in Hg]_XCdXTe at a gap of
about .35 eV. In the relatively large gap material GaAs, the
acceptor BE decays radiatively, and the calculated radiative BE
lifetime for the shallow acceptor Zn is consistent with the experi-
mentally observed BE Tifetime. The dépendence of the BE transition
rates on acceptor type has also been examined. In the large gap
regime in which radiative decay dominates, the BE Tifetime increases
for acceptors with larger acceptor binding energies. For the small
gap regime in which the Auger decay dominates, the BE 1lifetime
decreases with increasing acceptor binding energies. As a result of
these dependences, the crossing point of Auger and radiative rates in
Hg1_XCdee moves to higher energy gaps with increasing acceptor bind-
ing energies.

In Chapter 4, calculations are presented for carrier reflection
and transmission coefficients at GaAs-Al,Ga; ,As (100) abrupt and
graded interfaces. The calculations were performed in a linear
combination of atomic orbitals (tight binding) scheme. It is found
from the results of the calculation that there is large carrier
transport into outgoing (reflection or transmission) Bloch states
that have qualitatively similar state character to the incident

Bloch state. For example, incident states in AlAs with wavevectors
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near the X point transmit a]mqst totally into transmission states in
GaAs near the X point rather than into states near the T point. The
states near the X point in GaAs are qualitatively similar to the

X point states in AlAs, while the states near the I point in GaAs
are not similar to the AlAs X point states. It is found that the
total reflection coefficient is exactly 1 for the incident states

at a band extrema and drops off for incident states away from the
extrema. This drop in reflection is most rapid in the direction
normal fo the interface, because the dependence of the transport
coefficients on wavevector components parallel to the interface

is weak. As the AlAs content of the A]xGa1_xAs alloy is increased,
the alloy material is made more different from GaAs. This leads to
larger changes in the crystal potential at the interfaée, so that
the total reflection coefficient increases for a given incident
state as the alloy composition x is increased. If the GaAs-
A]XGa]_XAs iﬁterface is graded linearly over sufficiently many atomic
planes, the effect on the transport coefficients is to increase the
total transmission coefficient of a given incident state. This
occurs because the change in crystal potential from GaAs to
A]XGa]_xAs is smoothed out over a large region, so that reflection
is reduced. Increasing the grading distance further results in

further increases in the total transmission coefficient.
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In Chapter 5, we prgsent a theoretical study of impact ioniza-
tion in the heterojunction system. As a result of the breakdown in
wavevector conservation in the direction normal to the interface,
impact ionization by an electron near the conduction band minimum
in the larger gap material can occur in two ways: the incident
carrier can transmit into the smaller band gap material and undergo
essentially bulk type impact ionization; the incident carrier can
impact ionize at the inferface. The first process determines the
bulk type impact ionization rate in the smaller gap matéria], while
the secondlprocess leads to a finite probability that the incident
carrier will impact ionize. We find the first order contribution,
in which one electron hole pair is produced, for both the bulk
type impact ionization rate and the probability of carrier impact
ionization at the interface. For the second process, some simple
qualitative dependences are determined for incident electrons
with no component of wavevector parallel to the interface. These
qualitative dependences are described by the following simple expres-
sion for the interface impact ionization probability (for k" =0

and small kl)

-
| 2k e
Poki(5=4—+E -E  -E ) ; (1)
ZmE] C Cy 9,
Ec and EC are the energies of the conduction band minima in the
1 2
two materials, Eg is the band gap of the smaller gap material, 1
2

is the component of the incident electron wavevector normal to the
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interface, and mz is.the electron effective mass in the larger gap
~1 o
material. For fixed conduction band offset EC «EC and fixed Eg 5
1 -2 2
the impact ionization probability increases for incident electron

states with increasing kl] For fixed kl, the probability increases

with increasing conduction band offset for fixed Egz; and with
dgcT%asing E92 for fixed conduction band offset. For fixed

o 5— ¥ EC » the probability increases with: decreasing conduction
ggﬁé offsels for fixed (or decreasing) Ec and Eg ; and with
decreasing E92 for fixed (or decreasing) ECZ and gonduction band

offsets. Finally, the additional electron energy threshold above

Ec +Eg that is required in the bulk type impact ionization process
2 2 _
because both energy and total wavevector must be conserved is not

required in the interface impact ionization process.
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1.

Chapter 3
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IIT, SUMMARY OF MAIN RESULTS

The Auger transition determines the Tifetimes of BE on

the acceptors B, Al, Ga, and In in Si.

The strong dependence of the BE lifetimes on acceptor type
in S1 is due to the strong dependence of the Auger rate on
acceptor binding energy.

The qualitatively different behavior of Ge acceptor BE
decay occurs because both Auger and radiative transitions .
are unimportant in determining the BE Tifetimes. BE

Auger transitions are slow in Ge because B, Al, Ga, and In

have small acceptor binding energies in this material,

The calculation shows that acceptor BE decay occurs by
radiative transition in the large gap direct materials and
by Auger transition in the small gap materials. For the
variable band gap alloy HgCdTe, the BE Auger rate crosses
the radiative rate for shallow acceptors at a band gap of
about 0.35 eV.

The BE radiative lifetimes increase and the Auger lifetimes
decrease as the acceptor binding energy is increased.

For acceptors with larger binding energy, the crossing point
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of the BE Auger and radiative rates moves to higher band

gaps.

Chapter 4

Quantum mechanical transmission and reflection coefficients
are large for outgoing Bloch states that are qualitatively
similar to the incident Bloch state. For example, X valley
to X valley transport is large, while X valley to T valley
transport is small.

Transmission is zero for incident states at band extrema
points and turns on away from those points. The transport
coefficients are less sensitive to the component of incident
k parallel to the interface than to the perpendicular
component,

As the alloy composition x is increased, the reflection
coefficient for a given incident state increases.

As the interface is linearly graded over a sufficiently
large number of atomic layers, the transmission coefficient
of a given incident state is increased over the abrupt
interface value. As the grading distance is further increased

the transmission coefficient continues to increase.
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Wavevector nonconseryation normal to the interface in
heterojunction systems leads to two mechanisms for impact
ionization: a bulk type process; impact ionization at the
interface.

The probability that an electron in a larger gap material
will impact ionize at the interface increases as the normal
component of the incident electron wavevector increases.
For fixed component of incident electron wavevector normal
to the interface, the probability of impact ionization at
the interface increases: as the conduction band offset
increases for fixed energy gap of the smaller gap material;
as the energy gap of the smaller gap material decreases

for fixed conduction band offset.

There is no additional energy threshold above EC +E_ 4

2 92
where Ec is the energy of the conduction band minimum
2
and Eg is the band gap of the smaller gap material, for

2
impact ionization at the interface to occur. However, this

additional energy threshold is still required for the bulk

type process.
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CHAPTER 2
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I. INTRODUCTION

A bound exciton (BE) consists of three carriers (two holes and
one electron for acceptor BE; two electrons and one hole for donor
BE) bound to a charged impurity. There are a number of decay modes
accessible to the BE. The BE can decay radiatively by emitting the
electron hole recombination energy as a photon. However, in indirect
gap materials the radiative transition is relatively slow. Because
in a BE three carriers are localized in the same region of space, an
Auger transition, in which an electron recombines with a hole and
the energy is carried off by the third carrier, can occur. Auger
transitions are believed to 1imit the lifetimes of bound excitons in
many cases (]'5). Auger transitions have also been shown to be
important in band to band recombination and carrier capture at a

trap site (4’5).

These processes have been studied theoretically
(4’5), but to our knowledge, no quantitative calculations of BE
Auger rates in semiconductors have been presented.

The bound exciton lifetimes for the four common shallow ac-
ceptors in Si (B, Al, Ga and In) have recently been measured (3).
The BE lifetime was found to be significantly shorter than the free
exciton (FE) lifetime in undoped Si for each type of acceptor.

The BE Tifetime was strongly dependent on the type o% acéeptor,
decreasing rapidly (at least a factor of 200 from Si:B to Si:In)

as the acceptor binding energy increased. In addition, estimates



-25-

of the BE radiative lifetime in Si obtained from absorption measure-
ments (8) indicate that the radiative rate is several orders of magni-
tude slower than the experimental BE lifetimes. The experimental
lifetimes were interpreted as due to Auger transitions without
phonon assistance. Qualitatively similar behavior has been observed
for excitons bound to acceptors in GaP (2). The Tifetimes for the
BE in GaPwerealso interpreted as limited by phononless Auger transi-
tions. |

Because the BE lifetimes are shorter than the FE lifetimes in
undoped Si, the addition of small concentrations of shallow acceptors
can greatly change the decay rate of photoexcited carriers in Si

at Tow temperatures. For example, the free exciton lifetime in

15_ -3

undoped Si is 2.6 usec (6). If Si is doped with In at the 10 “cm”

level (or greater), the Tifetime of photoexcited carriers (low

(3).

excitation) is reduced to less than 5 nsec This dramatic re-

duction in carrier lifetime is most likely due to capture of a FE
at the impurity to form a BE (the cross section for this process
has recently been shown to be very large for Si:In at temperatures
less than 10°K (7)) followed by Auger recombination of the BE. The

rate 1imitiﬁg step in the process is the Auger recombination rate

16_ -3

(for doping in the 10 “cm ° or greater level and temperatures less

than 10%k (7))

In contrast to Si, doping Ge with shallow acceptors &t the

15

10 °cm™3 level has little effect on the lifetime of photoexcited
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carriers for temperature and excitation conditions at which electron-

hole drops are not formed (8’9).

Both FE and BE are observed in

the luminescence spectrum of Ge under these conditions and both

decay with the lifetime of the FE in undoped Ge. Thus, it appears
that Auger transitions for the BE in Ge are slow processes. Radiative
transitions in Ge are also quite slow. The no phonon radiative
oscillator strength is too weak to measure.

In this chapter, we present calculations of BE Auger transition
rates and BE radiative transition rates for the common shallow
acceptors in Si and Ge. The purposes of the calculation are: to
establish that the Auger transition determines acceptor BE lifetimes
in Si; and to understand the strong dependence of the Auger rate on
acceptor type in Si and the qualitatively different effect doping
with shallow acceptors has on the lifetime of photoexcited carriers
in Si and Ge. The BE radiative oscillator strengths are computed
and compared to experimentally measured radiative oscillator strengths
to test the validity of the model BE wavefunction used to compute the
Auger transition rates. The result of the ca]cu]atidn shows the
observed dependence of the BE lifetime on acceptor type in Si and
is within about a factor of three of the measured lifetime in ab-
solute value. The computed BE Auger rates in Ge are found to be
much slower than the measured free exciton 1ifetime in Ge. The im-
portant difference in the two materials is that the héles are much

more strongly bound to the acceptors in Si than they are in Ge.
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II. QUALITATIVE PHYSICS OF THE AUGER AND RADIATIVE TRANSITIONS

In their work on GaP, Dean and coworkers argued that the depen-
dence of acceptor BE 1ifetimes on acceptor type could be understood
as due to an increased localization (hence, an increased spreading
in K-space) of the hole wavefunction in the BE for the more tightly

(2)

bound acceptors (They did not, however, present quantitative
calculations of the BE Auger rates to support their arguments.) We
believe that the physical picture they suggest also applies to Si
and can be used to understand the qua]itative]j different effect
of doping with shallow acceptors oﬁ carrier lifetimes in photoexcited
Si and Ge.

In the acceptor BE (initial state of the Auger transition)
there are two holes near the valence band maximum and an electron
near the conduction band minimum. The final state of the acceptor
BE Auger transition has one hole in the valence band. The holes in
the BE are spread in K-space because they are localized about the
abceptor. The electron state will also be spread in K-space but
the spreading will be small compared to that of the holes because
the electron is not localized as much as the holes. The wavevector
of the final state hole lies on a constant energy surface as required
by energy conservation in the transition. Carrier-carrier scattering,
which conserves total wavevector, is the dominant interaction respon-

sible for an Auger transition. Thus, for the Auger transition to
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take place, the initial BE state must have an amplitude to contain
wavevectors which are accessible to the final state hole. The con-
duction band minimum is rather far in K-space from the constant
energy surface of the final state hole. Since the BE wavefunction
is peaked at the conduction band minimum, spreading of the BE wave-
function in K-space is essential for the Auger transition to occur.
In Si, the holes in the acceptor BE are well localized, resulting
in large hole wavefunction spreading and fast Auger rates. The
dependence on acceptor type occurs because the acceptors with
larger binding energy bind the holes in the BE more tightly leading
to faster Auger rates. In Ge, the holes in the acceptor BE are not
tightly bound, so that the hole wavefunction spreading is small
and the Auger rates are slow.

In principle, the Auger transition could be phonon assisted.
In contrast to the phononless Auger transition, an Auger transition
involving a phonon should not be sensitive to the wavefunction
spreading in the BE because the phonon would make up the difference
in wavevector between the peak in K-space of the BE wavefunction and
the final state hole. As é result the phonon assisted Auger transi-
tion rate should be insensitive to the acceptor type. Since the
observed BE lifetimes in Si are, in fact, very sensitive to the
acceptor type, the acceptor BE Auger transitions in Si most likely
occur w{thout phonon assistance. In Ge, it is very difficult to know

whether the phonon assisted or no-phonon Auger transition is more
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likely. Experimentally, neither process appears-to be important. We
will show that the no-phonon Auger process (which dominates in Si)
is slow in Ge.

Radiative transitions involve the recombination of an electron
and a hole with essentially the same wavevector K (the wavevectors
of the electron and hole differ by the negligible wavevector of the
emitted photon). Since the electron K-space wavefunction is peaked
at the zone edge and the hole wavefunctions are peaked far away at
the zone center, the amplitude for the electron and a hole in the
BE to have the same wavevector is quite small. This results in very
slow radiative transition rates for indirect gap materials. Be-
cause the radiative transition requires very large K space spreading
of the BE hole wavefunctions, acceptors with larger acceptor binding
energies (and therefore larger hole wavefunction spreading) have
larger radiative rates. This dependence is similar to that of the
Auger rate on acceptor type, and illustrates the similar sensitivities
of the Auger and radiative transition rates on the large K region
of the BE wavefunction.

In order to compute the BE Auger rate, it is necessary to know
the BE wavefunction. It is very difficult to compute this wavefunction
accurately, and we use an idealized model. In particular, we des-
cribe the interaction of the holes with the charged acceptor by a
Cou]bmb potential and a short range square well. For Si:Al and Ge:Ga

(the impurity has the same core structure as the host) the strength
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of the short range well was taken to be due only to the wavevector
dependence of the dielectric function. For the other impurities, it
was adjusted to produce the observed acceptor binding energies for

a Simp1e hydrogenic model of the acceptor. In order to check the
approximate validity of the model BE wavefunction, we used it to
compute no-phonon oscillator strengths for BE absorption. For Si:Al,
Si:Ga and Si:In, the results are within a factor of two of the

measured values (10).

For Si:B, the computed oscillator strength

is about a factor of four too large. We readjusted the strength of
the square wells so as to give wavefunctions which produce the measured
oscillator strengths. This procedure is appropriate because both

the no-phonon oscillator strength and the Auger transition rate
depend sensitively on the extent of K-space spreading of the hole
wavefunction and hence on the strength of the short range potential.
In contrast, the acceptor binding energy is not as strongly dependent
on the strength of the short range potential. For Ge, the computed
oscillator strengths were so small that they are probably not ob-
servable. This is consistent with the lack of no-phonon BE optical

transitions for Ge doped with acceptors but is not of much help in

the Auger rate calculations.
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ITI. CALCULATION OF AUGER AND RADIATIVE TRANSITION RATES

From time dependent perturbation theory, the BE Auger transi-

tion rate is given by

A
1

here |F> is the final state which consists of a free hole, 1>
is the BE initial state and H is the Hamiltonian for the solid.
(The states |I> and {F> are only approximate eigenstates of H.)
The BE wavefunction has the form

L AJT J(Knekioke) ¥k skimpikog)  (2)

hKnoKe>™M,

where ‘i’(kh 13 h 2,k oe) is a Slater determinant with the valence
band states (khm]) and (kﬁmz) empty and the conduction band state
(keoe) occupied. Here m and m, label the four hole bands degenerate
at the valence band maximum and Og labels the electron spin. For
simplicity, we neglect valley orbit splitting effects in the BE and

restrict the electron to a particular conduction band minimum.
AJM

My M2
the BE wavefunction; J is the total hole spin (2 or 0) with pro-

is the amplitude that a particular determinant is contained in

jection M along the Z axis. The final state is

|F> = l{l(kfgf) (3)
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where W(kfof) is a Slater determinant with the valence band state
(kfcf) empty and O¢ is the final state hole spin. (We neglect spin
orbit splitting in the final state and the hole band index is included
with of.)

Using the wavefunctions given by Egs. (2) and (3), the transi-
tion matrix element becomes (11)

FIH> =z M (kLK)

= mym h>"h*"e
khkhkemlmZ 172

(4)

¢ > = <hpa 3d IV ¢ ) >]
k o k m2 khm] ee kfcf keoe

<¢ 30 0 [V |d
[ kpmy *Tkymy T Tee Tk eoe Tk o h

where ¢ is a one electron Bloch function and Vee is the Coulomb inter-
action. The two electron matrix elements in Eq. (4) can be written
as

<<bkhm];¢kgmzlvee|¢kfcf¢keoe>

e2(
-z u
AR E

3
2m)” S(ko+k_-k, -k +G-G')
(G)U kO(GI) ~f~e~h ~h“""

k0 Kl 3 2
ff h'2°"e’e e(gf-gh+g) ka-kh+G|
(5)

Here € is the dielectric function, G and G' are reciprocal lattice

vectors and



1 3 ~iGer
= — *
Ukhm;ko(G) Q J d”re ukhm(r)ukc(r) (6)

where u is the periodic part of the Bloch function and @ is the
sample volume.

The maximum contribution to the matrix element comes from
terms with G = 0 so that the denominator can be small. The delta

function in Eq. (5) requires that

for G = 0. The amplitude function, A, will be peaked at

k '\Jk;‘f\,Oandke'\;keo

h

where keo is the conduction band minimum. The wavevector kf lies

on a constant energy surface. For Si, k__ is about 82% of the way

eo
out in the Brillouin zone in the (100) direction (12) and ke is
approximately 25% of the way out in the zone with the value varying
somewhat with the direction of kf. Under these conditions, the most
important term in the sum over G' will be with G' = 0. For Ge,

keo is at the zone edge in the (111) direction so that there is a
non-zero G' that puts keo + G' at the zone edge in the (117)
direction. Both this term and the one with G' = 0 will be signi-
ficant in the sum on G'. These two terms are important for dif-

ferent values of kf so there is no interference between them, and

they give the same contribution to the Auger rate. Thus, we
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evaluate the contribution to one of the terms and multiply this by
a factor of two. (Since our conclusion will be that the BE Auger

rate in Ge is several orders of magnitude smaller than the measured
free exciton lifetime, this factor of two is not important.) Thus,
for Si and Ge we need only consider the term G = G' = 0 in Eq. (5).

The wavefunction amplitude function is taken to have the form

A (kskt ok ) = €M (k) (kF (k) (8)
172 "h*"h’"e m,m, h*"h’"h*"h’ e'"e
where the coefficients, C, are chosen to give wavefunctions that are

eigenstates of the total spin of the two holes. In particular, we

have
22 _ 21 _ 2-1  _ 2.2 _
Gi=6 176 5= =1 o)
22 2°7% 777 "72°72
and
20 .20 _ 00 _ 00 _1_ (9b)
3 370 17% 370 17 o
"7 277 272 7" 7

and all others are zero. The BE wavefunction is properly normalized
so long as the one electron functions fh and fe are. Using this

notation, Eq. (4) becomes

<FIH[I> = % flky) F (k) Fo(k,)
kpkpkeMymy
e?(2m)® s(kp+k -k, -k!)
Ukhm1;kfcf Ukhmz;k o 5 M C;Mm (10)
© % ek - k) ke - Kyl iy 2™
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We next consider the overlap integrals U. Both kf and kh are

toward the zone center and in the upper valence band. From the

k « P calculations of Cardona and Pollak (]3), we see that overlap

integrals of the form Uk . are not strongly dependent on the
h'1 > f0f
magnitude of kf or kh in Si and Ge, and we make the approximation

Tim
u, . % u. .. (11)

The value depends on Mys0fs and the final state hole band index bf.

An analogous approximation cannot be used for U, , . in Si
khmZ’keOe
because it is zero at kﬁ = 0 and ke = keo' Since the spreading in

K-space of the holes in the BE is much greater than that for the

electron, we set ke = k__ and expand in k ¢ P perturbation theory

eo
for kﬁ away from the zone center. Using the k « P perturbation

theory, the periodic part of the hole Bloch function is
<uobo"“<fl1°Plu

T ou_, u(r)
bg" ©°BY Es = B

m>
R

U, (r)y=u_ (r)+

3|=x

where b labels bands and o' spins. Then we have

Ugim ~ Ky MO .
khmz,keoe h om2,ke00e (13a)
where
" St Pl »
M . == 3z U i 13b
~0MyiKegOe M pgu 0bO"5k, g By - Ep
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The only band which makes a significant contribution to the sum in
Eq. (13b) for Si is the Iy5 conduction band. If keo is taken to
define the Z direction, the Z component of M is zero.

In Ge, Uomz;k 5 is not zero as it is in Si. However, the

eo e (13)

k - P calculations of Cardona and Pollak show that this overlap

integral is small. We have computed the Auger rates in Ge both

: by U .
khmz,keoe omz,k o]

eo e
similar to Si (that is, setting U

approximating U and using the k * P expansion

X equal to zero). The
OmZ’keoce
second result gave almost an order of magnitude larger Auger rates.

It is the one we report (]4).

For Ge, the I% conduction band makes
the dominant contribution to the sum in Eq. (13b).

With these approximations, the transition matrix element becomes

M M

SFIH|I> = 3. (C - £ , Mo -8(k.) (14a)

mm, M2 MM omy 3bgog ~OMy 3Ky Oy = F
where
(k.) = (l—)3 @Bk a3k (k) F(K!)
Blke . hd K Thi%p) ThiXy
e’ &
o (k, +k -k) (14b)

: 2
e(ky-ke) [ky-kel

To obtain the transition rate, the matrix element is squared,
averaged over the initial BE states and summed over final states. The
most important final hole states are in the two upper valence bands;

these two bands are degenerate in the [100] and [111] directions. We
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include only these two bands in the summation and neglect the fact
that they are not degenerate in all directions (15). The remaining
summations on discrete indices can be performed in a straightforward

but tedious way. The result becomes

2

%: D% B (15a)
where 2
2 2 2 I<uplPylup >
0 =121 &) J<ujusl (@) . (15b)
(E,)
and
B =%1-(?])—3f d3kf B)z((kf) 8(E - Ep) (15¢)
™

The factor of two in square brackets is to be included for Ge but not
for Si. In Eq. (15), T refers to the M5 conduction band state for
Si and the I% conduction band state for Ge; ¢ refers to the conduc-
tion band minimum ( A1 in Si and L] in Ge) and PX is the x component
of the momentum operator. (The minimum of the conduction band is taken
to define the Z axis; the x and y components which appear in the
product M - B give equal contributions to the transition rate.)

To evaluate @(kf), it is necessary to obtain the envelope func-
tions fh(kf) and fe(ke). As a first approximation, we use effective
mass theory witha simplified model for the band structure. The

(16)

electron effective mass is taken to be spherical with a value
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L
m 3

e

-,% + ;‘n-e-) (16)
where my is the transverse electron effective mass and Mg is the
longitudinal electron effective mass. The interaction between the
holes énd the charged acceptor is taken to be a Coulomb part, screened
by the static dielectric function, plus a short range square well.
The radius of the square well is taken to be the covalent radius of
the host. For Si:Al and Ge:Ga (the impurity with the same core
structure as the host), the square well is taken to be due only to
the dielectric function. In Appendix I, we obtain an expression
for the depth of the square well for Si:Al and Ge:Ga based on this as-
sumption. The hole effective mass is taken to be spherical. We
chose a value for the hole effective mass by making a variational
calculation for the Si:Al and Ge:Ga acceptors, using a 1s hydrogenic
wavefunction and fitting the measured binding energy. For impurities
other than Al in Si and Ga in Ge, we determine the depth of the
square well by making a variational calculation for the acceptor
using a 1s hydrogenic wavefunction and fitting the measured binding
energy. The interaction between the electron and the charged ac-
ceptor was taken to be the same as for holes but with the sign
changed.

As a first approximation, f. and fe are assumed to have a 1Is

hydrogenic form
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£, (k) =< 8 17
h a® (kK2 + (1/a)%)? {17a)

o (k) 17b
/_ ”b ik (17b)

The Bohr radii for the holes and electron are determined from a

variational calculation.

There are corrections to the effective mass approximation for
wavevectors far from the band extrema because the hole dispersion
curves are not parabolic at Targe k. We take these corrections into
account by substituting the hydrogenic form into the Hartree equation

for the holes in the BE

H, 1
v (k) (18)
E(k + Eg k. ke T

Here E(k) is the hole dispersion curve, EB is the one hole Hartree
energy, fE is the hydrogenic form for the hole wavefunction (Eq.
(17a)) and V is the Hartree potential seen by the hole computed

taking the hydrogenic forms for the envelope function

2
- 2 2 Ifﬂ(r'” 3
He) = et o J e oY
2 |Fi )l2
r\l
=0 J li-r'l &y "g" v R s(r) (19)



-40-

Here the short range square well of radius R and depth V0 has begn
replaced by a delta function for convenience. (The Fourier transform
of the square well is effectively constant for the range of wave-
vectors of interest.) Evaluating the integrals using the hydrogenic
functions and using the fact that the hole Bohr radius is much

smaller than the electron Bohr radius gives

2
Vir) = e‘z‘”/a(]; ¥ -3;) =Ty R s(r) (20)

Using this form for the potential, the iterated wavefunction is

2
f k) = e 4o 1
n e(0) a3 (E(k) + Eg)

3
VR

1 6 0
+ + (21)
+ 9/a2 az(k2 + 9/a2)2 6 ez/e(o)

k2

Although this function appears to be quite different than the
hydrogenic form, they are numerically rather close at small k. At
large k, where both functions are small, the iterated function

dies off more slowly with increasing k than the hydrogenic form. We
compare the two functions for k in the (111) direction for Si:Ga

in Fig. (1) (7),

(Si:Ga represents a case with an intermediate
value for the strength of the short range potential. The (111)
direction is the one of greatest interest because the hole disper-
sion curves for Si and Ge drop off most slowly in this direction so

that the hole wavefunction is spread most effectively in this
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Fig. 1. Hole envelope function for the BE in Si:Ga vs wavevector in
units of the hole Bohr radius. The dashed 1ine is the hydrogenic form
for the envelope function (see Eq. (17a)) and the solid line is the
iterated form (see Eq. (21)). The wavevector is in the [111] direc-
tion; |K|a equal twelve corresponds to the zone edge.
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direction.) In the calculations of Auger rates and no-phonon oscil-
lator strengths, we will only need the iterated form of the hole
wavefunction in the tail region.

With the approximate expressions for the envelope functions, fh
and fe’ we can perform the integral in Eq. (14b). First, we notice
that the function fe is much more sharply peaked than the other func-

tions (the electron Bohr radius is large) and replace it by a

normalized delta function,

e'.e .é S(Ee - Eeo) (22)

Then we have

(f)"‘“" dkf )

_l__

fh“feo ® Ef - 5 ) (Ef * Eeo - Eh)

2

e(ky-ke) [kp-kel | (23)

h

The célculation would still be very lengthy if it was done without
further simplification because both the integration in B(Ef) and

the final state integration E involve evaluation of valence band
energies at every point. We have examined the integration in Eq.
(23) numerically and found that nearly all the contribution to the
integral comes from the region near E = 0. This occurs because the
function fh(Eh) is peaked at k, = 0. There is no corresponding

contribution at (Eeo + Ef = Eh) because of the factor (kf + keo - kh)
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and because the denominator Ikh - kfl2 is large in this region.

As long as .ﬂkeo 2 kfl is much larger than unity, the integral in
Eq. (23) is that of a sharply peaked function times a smoothly
varying one in the region which contributes. In this case, the
sharply peaked function can be reasonably approximated by a nor-
malized delta function. Since we are only concerned with the part
of fh(kh) where the function is large (i.e., near kp = 0) we use

~

the hydrogenic form to determine the normalization,

£(k) = _(2_2_)_?__ s(k,) (24)
Y=

To check the validity of this approximation, we have used it for
the integral with fh(keo + kf - kh) being hydrogenic. For the hole
Bohr radius parameters used here, the approximate result was within
50% of the exact value determined by numerical integration for all
cases except Si:In. For Si:In the approximate result was within a
factor of two of the exact result. When Eq. (21) is used for

fo(k,  +k

B £ - kh)’ the approximation should be better than for

h
the hydrogenic form because fh(keo + kTc - kh) is more slowly varying
near kh = 0 in this case. With this approximation, we have

Blke) = ('aaa—) 62[ (a) "

b

1 (o) (o)
(keo + Ke) [E(keo+kf) T E e(k:-kf) i\ e(ih(—)kf
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3
VR
1 6 0
+ + (25)
kootkel® 2249 (Jk_tke|? aP49)2 & 3
2e(0)a

Here Eg is negligible compared to E(keo + ke)s thus, it plays no
role in the calculation of Auger rates.

The final stafe integral in Eq. (15c) is performed numerically.
The valence band structure was obtained from a tight binding band

structure calculation using essentially the parameters of Chadi and

(20

Cohen We have changed the second nearest neighbor interaction

parameter (u,, in the notation of Ref. (20)) by 0.21 eV in Si and

XX
0.16 eV in Ge in order to produce the known energies at the L
(21)

3
It is desirable to get this point as

valence band poiﬁts
accurately as possible because the largest contribution to the density
of final hole states for the Auger transition in Si and Ge come with
k in the (111) directions. In Table III, we 1ist parameters used
in the calculation.

In order to obtain BE no phonon radiative decay and absorption
rates, it is convenient to compute the no-phonon oscillator strengths.

From the oscillator strength f, the radiative transition can be ob-

tained using the relation

1 (985) e’2uln £ )
R In mc3

where 98¢ is the degeneracy of the BE, 98 is the degeneracy of the

acceptor, fiw is the photon energy, and n is the index of refraction.
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The oscillator strength is defined as

2

Uil Fuwm

212
I|P |F
|<I|P |F>| (27)

Here |F> is the final state acceptor BE, |I> is the initial acceptor
state, P is the momentum operator and fiw is the photon energy required
in the optical transifion; Eq. (28) is to be averaged over the initial
acceptor states and summed over the final BE states. 'Using the BE

wavefunction in Eq. (8) and an acceptor wavefunction of the form
|I> = £ F (k) ¥(km) (28)
k m

The matrix element can be written as

<I|PJF> = & z fo(k.) f. (k')
J khkﬁ m, Mooy h*"h" "h™"h
JM JM
f (k) F_ (k') <u [P |u > [C -C ] (29)
e'"h m, h khm] y khoe mmy “mom,

Here U o is the periodic part of the electron Bloch function and
h~e
is the periodic part of the hole Bloch function. We assume

u
Ry

that the acceptor envelope function F(kﬁ) does not depend on the

hole spin state Mo and that near kh = 0 where F(kh) and fh(kh)

are large, they may be reasonably approximated by hydrogenic func-

tions with Bohr radii ay and a, respectively. In this case we have

. ap 3/2
z fh(kl:l) Fm.(kh) = “"‘TQ‘? (5‘—) (30)

ky 2
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Next we use the fact that the spread of the electron envelope function
in K-space is very small compared to that for holes and replace

fe(kh) with the normalized delta function given in Eq. (22). The

matrix element becomes

. 3/2
" Y 8 A
<I|Py“:> fh(keo’ a, 3 |a
JM JM
I <u [P |u > [C -C ]
mmyo Keo™ V' Keo% L MM MM (31)

The spin sums in Eq. (32), initial state averages and final state
sum can be performed in a straightforward but tedious way. In Si,

the result is

¥ = Fom I<uA5|Py|uA;l

4 ( : ay\3/2\ 2[ (k) 2 -
al\ 3 (—a—) ) b
(1 + 5—0 J

Here u, 1is the periodic part of the hole Bloch function in the A5

A
5
valence band at keo and UA]

Bloch function at this point. The conduction band minimum is in the

is the periodic part of the electron

z direction (a [100] direction).

For Ge, the resu]t‘is
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2 2
- 3 1
2 2
8 8. & 3/2 fh(keo)
o e = 53]
(1 + A mb
a .
Here uy and u, are periodic parts of the hole and electron Bloch
i 1

functioné at the conduction band minimum. The conduction band

minimum is in the z direction (a [111] direction).
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IV. RESULTS OF CALCULATION

In order to test the validity of the BE wavefunction, we have
used this function to compute no-phonon oscillator strengths for
acceptor BE in Si and Ge. The radiative oscillator strength (rather
than the radiative transition rate) is the quantity of interest
because it is directly accessible to experimental measurement.

The radiative rates are simply related to the oscillator strengths
and will not be presented. In Ge acceptor BE no-phonon optical

(18)

transitions are too weak to observe Our calculation produces

(19)

very small oscillator strengths ; this is consistent with

experiment, but not very helpful. In Si, the acceptor BE no-phonon
‘oscillator strengths have been measured (]O). In Table I, we 1ist
the measured oscillator strengths and the computed values for Si.
For Si:Al, Si:Ga and Si:In, the results are within about a factor of
two of the measured values; for Si:B, the calculated oscillator
strength is about a factor of four too large. Si:B is different
than the other cases because the square well potential is repulsive
for holes in this case. The binding energy for the acceptor is not
very sensitive to the strength of this potential; the no-phonon
oscillator strength is rather sensitive to it. In addi-
tion, the no-phonon oscillator strength is sensitive to the tail

(in K-space) of the hole wavefunction in much the same way as the

Auger transition rate. We adjust the depth of the square well
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potential to produce the measured oscillator strength. This adjust-
ment is most significant for Si:B; if we had not made the adjust-
ment, the calculated Auger rate for Si:B would be about a factor of
three larger than that which we report.

In Table II, we 1ist the square well parameters and resulting
Bohr radii determined by the acceptor binding energy and by the no-
phonon oscillator strengths. We also list the acceptor binding
energies produced by the square wells determined by the no-phonon
oscillator strengths. In Si:B, the strength of the repulsive square
well is reduced to produce the measured oscillator strengths, and
as a result the corresponding acceptor binding energy is greater than
the measured value.

In Fig. (2) we show the result of the calculation for Si
along with experimental bound exciton lifetimes for the four common

(3’23). The calculated Tifetimes show the same

shallow acceptors
dependence on acceptor type as the observed 1ifetimes and have
numerical values that differ by about a factor of three from the
experimental lifetimes. Considering the simplified BE wavefunctions
used in the calculation, we consider this agreement between the
calculated Auger rates and measured lifetimes to be quite reasonable.
The results indicate that the BE lifetimes are limited by phononless
Auger transitions for acceptors in Si.

In Ge, it is difficult to determine the appropriate square well

parameters because the no phonon acceptor BE oscillator strengths
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TABLE III: PARAMETERS USED IN THE CALCULATION. ALL SYMBOLS ARE
DEFINED IN THE TEXT.

Si Ge
0 0
R 1.11 A 1.22 A
Mg 0.26 m 0.12 m
m 0.60 m 0.19 m
a a
; .6
<uplu > 0.8 0
a a
| < up|P, lups >| 0.53 a.u. 0.68 a.u.
25
Er 3.4 eV 2 1.0 ev 2
a
| < up [Py lup > 0.57 a.u.
5 1
- 0.65 a.u. 2
| < ”A3‘Pylu1\]>l a.u

a) Ref. (10)



-54.-

are so weak.that these optical transitions have not been observed. In
addition, the acceptor binding energies for the different acceptors
are nearly the same in Ge, and they are not very sensitive to a short
range potential (due to the large Bohr radii of the acceptors in Ge).
In Fig. (3), we plot calculated Auger rates for acceptor BE in Ge
versus the square well parameter V0R3. In the Tower panel of the
figure, we show the electron and hole Bohr radii. The range of

the square well parameter shown in the figure is over four times

that used for Si:In. (The binding energy of the Ge:In acceptor is
produced by a well parameter of 37 eV 23.) Over the entire range of
the square well parameters, the calculated Auger rate is almost two
orders of magnitude (or more) slower than the measured FE recombina-
tion rate in Ge. (The measured FE 1ifetime in undoped Ge is about

(

8 usec 23).) Since it seems unreasonable that the appropriate
square well depth for the shallow acceptors in Ge should be many
times larger than that for Si:In, the calculation indicates that
the phononless Auger rate for acceptor BE in Ge is too slow to

(24).

significantly influence the BE lifetime The slow Auger rates

in Ge follow from the large Bohr radii.
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Fig. 2. Bound exciton lifetimes vs impurity binding energy for the
four common acceptors in Si. The hollow squares are our calculation of
the Auger lifetime and the solid circles are the measure values from
Ref. (3). Only an upper bound of 5 nsec (indicated by the top of the
arrow) was set on the BE lifetime for Si:In in Ref. (3). Subsequent
measurements from Ref. (27) produced a Si:In BE lifetime of 2.7 nsec.
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Fig. 3. Calculated Auger lifetimes for acceptor BE in Ge vs the square
well parameter VoR3., The range of square well parameter is over four
times that appropriate for Si:In. Even for this unrealistically large
value, the calculated no-phonon Auger lifetime is almost two orders of
magnitude greater than the measured FE lifetime in Ge indicating that
the phononless Auger transition is not an important process for ac-
ceptor BE in Ge. In the lower panel, the hole and electron Bohr radii
are shown.
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V. SUMMARY AND CONCLUSION

We have presented a calculation of phononless Auger and radiative
transition rates for excitons bound to shallow acceptors in Si and
Ge. We used a simplified model for the BE wavefunction and did not
expect to produce numerically precise results. (It would be a very
formidable task to calculate a high precision BE wavefunction. It
would be necessary to include the degenerate valence band structure,
conduction band anisotropies and a realistic impurity-carrier
potential in a three body problem.) The purpose of the calculation
was to understand the very large (almost three orders of magnitude)
dependence of acceptor BE 1ifetimes observed in Si (3) and the fact
that shallow acceptors do not significantly effect the 1ifetime of

(8)

photoexcited carriers in Ge at Tow temperature qualitatively
different behavior than in Si). These are large effects and quali-
tative differences which can be accounted for in an approximate cal-
culation.

The results of the calculation produced the strong dependence
of the Auger rate on acceptor type for BE in Si. The calculated
results deviated from the measured BE lifetimes by about a factor of
three. For Ge, the calculation gave Auger rates at least two orders
of magnitude slower than the observed FE recombination rate in un-

doped Ge. We conclude that phononless Auger transitions limit the

acceptor BE lifetime in Si but are ineffective in Ge. The principal
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difference between the two materials is that the holes are much

more tightly bound to the charged acceptor in Si than in Ge. Be-
cause the holes are more tightly bound in the Si BE, the hole wave-
function is more strongly spread in K-space and the Auger rates

are faster. This effect enters the calculation primarily through the
Bohr radii which are much smaller in Si than in Ge. The increased
spreading in K-space for more tightly bound acceptors also accounts

for the dependence of the Auger rate on acceptor type observed in Si.
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APPENDIX: DIELECTRIC FUNCTION CONTRIBUTION
TO SHORT RANGE POTENTIAL

In this appendix, we estimate the contribution to the short range
potential due to the frequency dependence of the dielectric function.
We set the integrated value of the short range potential equal to
that for a square well,

4qr 3 _ 3
dn y 1 = J v (r) ¢

Vs (g=0) (26)

For the short range potential, we take

41 2

Y la) = .

e [ 1 1
2 |ela) ~ e(o)) (27)

We use the form of e(q) suggested by Nara and Morita (25)

0
this gives 2.83 eV A for V0R3.

for Si;

For Ge, we use the same form for the dielectric function as in
Si but replace €(o) with the measured value for Ge, 15.36. This form

is a reasonable parameterization of the dielectric function calculation

(26).

0
in Ge by Brust For Ge, we have VOR3 equals 2.89 eV A (3).
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I. INTRODUCTION

In direct band gap materials, there are two main decay mechanisms
available to an exciton bound to a shallow neutral impurity: Auger

(1-6) (7-]]). The relative

recombination and radiative recombination
importance of these two decay processes depends on the semiconductor

and on the impurity. In indirect band gap materials, radiative recom-
bination is rather slow and the Auger mechanism usually dominates the

(3-6).

recombination In direct band gap materials, radiative recom-

bination is quite fast and may dominate the recombination (9-]]).

In this chapter, we present a theoretical study of Auger and
radiative recombination of excitons bound to shallow neutral ac-
ceptors in direct band gap semiconductors. We consider the depen-
dence of these two transition rates on the band gap of the semicon-
ductor and on the binding energy of the impurity. We concentrate on
the alloy system Hg1_XCdee. This is a particularly interesting
system because the band gap can be varied by changing alloy composi-
tion. We also present calculations for GaAs. We find that radia-
%ive recombination dominates Auger recombination for shallow ac-
ceptors except in rather small band gap materials (Eg < 0.35 eV).

In these small band gap materials, the Auger rate is dominant.
Radiative recombination for bound excitons in direct band gap
materials has been previously studied theoretically by Rashba and

(7’8). We use a different model for the BE wavefunction

Gurgenishvili
than used by these authors, but our results are qualitatively similar

to theirs.
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II. QUALITATIVE BEHAVIOR OF AUGER AND RADIATIVE TRANSITIONS

In the acceptor BE there are two holes and one electron bound to
a charged acceptor. In direct band gap materials, the electron ef-
fective mass is generally considerably smaller than the hole effective
mass. As a result, the two holes are bound relatively close to the
acceptor and the electron is not as localized as the holes. In a k-
space picture the holes are relatively spread out about the k=0
valence band maximum and the electron is relatively well localized
near the k=0 conduction band minimum. In the HgCdTe alloy system,
the electron effective mass is a sensitive function of the material
band gap (alloy composition). From 5 . E perturbation theory, the

electron effective mass decreases with decreasing band gap (]2):

2
m__ p- |2, 1
= 1+3 [Eg + Eg+A} (1a)
e
where
2 _ 2 2
P = ﬁ1<S|PX|X>| (1b)

Here m; is the electron effective mass, Eg is the band gap, A is the
spin orbit splitting, m is the free electron mass, S and X refer to
periodic parts of the Bloch functions at the conduction band minimum
and valence band maximum (without spin-orbit splitting) and P is

the momentum operator. The hole effective mass and the static di-

electric function of the material are only weakly dependent on band
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gap. Thus the acceptor binding energy and hole wavefunction in both
the acceptor and the BE are not strongly dependent on the alloy composi-
tion (13).

In the Auger transition, the initial state is the BE and the
final state is a free hole in an accessible valence band. The heavy
and Tight hole bands are always accessible. If the band gap is
greater than the spin orbit splitting of the valence band, the split
off valence band is also accessible. Energy conservation requires
that the energy of the final state hole measured from the valence
band maximum is approximately the band gap. The dominant interaction
responsible for the Auger transition is carrier-carrier scattering

(]4). Thus the transition rate

which conserves total wavevector
depends on theiamplitude for the BE to have wavevectors which are
accessible to the final state hole. This amplitude depends on the
strength of the impurity potential and on the band structure of the
semiconductor.

In direct gap materials, the k-space BE wavefunction is peaked
at the zone center and falls off with increasing |k|. The possible
values of the final state hole wavevector (kf) depends on the band
gap-of thé material and on the valence band structure. For materials
with a very small band gap, the final state hole will be in the heavy
or light hole band near the zone center. For these very small gap

materials, the amplitude of the BE wavefunction to contain wavevectors

accessible to the final state hole will be large. Howeve