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Abstract

Radiative and non-radiative recombination lifetimes are compared

for ZnSe at room temperature to assist our understanding of how the

various transitions compete and to establish whether efficient blue emission

is possible. The lifetimes in n-type ZnSe are calculated for various free

and deep level concentrations. The band to band radiative recombination

lifetime is found to be the shortest of all radiative mechanisms. However,

non-radiative recombination via traps deep in the forbidden gap, and

strong reabsorption of band to band emission in non-degenerate material

accounts for the inefficient blue emission in ZnSe at room temperature.

The impact ionization of deep levels is the inverse of the Auger

recombination involving deep levels; and has been calculated by Landsberg

and co-authors using first order perturbation theory. In this thesis the

impurity impact ionization cross-section near threshold is expressed in

terms of the photoionization cross-section, which can be deduced

experimentally; and is compared with previous calculations of Landsberg

using specific impurity wave functions.

Second order perturbation theory has been used by Eagles to

calculate the acoustic phonon assisted band to band impact ionization

cross-section in semiconductors. However previous calculations of the

impurity impact ionization cross-section have not taken into account the

LO-phonon assisted process. For the first time a second order perturbation

theory calculation of the LO-phonon assisted impurity impact ionization

cross-section is presented and predicts that the phonon assisted process is

important at threshold.
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Chapter 1. Introduction

$ 1.1 General inotives for this thesis

For both academic reasons and for the purpose of device

development it is important to understand how radiative and non-radiative

recombination mechanisms in semiconductors compete and also their

reverse transitions which result in electron-hole pair production. Our

knowledge of this is still limited, especially that of the impact processes that

result in electron-hole pairs. Lifetimes for individual recombination

processes have been calculated in the past and their comparison would assist

our understanding, by applying the problem to ZnSe and examining the

possibility of efficient blue light emission at room temperature.

There is a commercial demand for blue light emitting diodes and

especially for blue semiconductor lasers, and it is the goal of many

semiconductor manufacturers to be able to produce such devices cheaply.

As yet there are no such commercially available devices on the market.

Blue semiconductor lasers would be especially useful for optical disc

memories and possibly for a future generation of supercomputers. The

advantages of blue laser light over red laser light (which is already

commercially available) are that information can be stored on an optical

disc (Compact Disc Read Only Memory) with a much greater packing

density and that the individual CDROMs can be manufactured up to two

orders of magnitude faster since the photoresist used, works faster with
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blue light. The greater packing density is due to the shorter wavelength

having a greater resolution when focussed on to a surface for the purpose of

accurately reading or writing information.

Much is known about group III-V compounds which are commonly

used for electroluminescent devices today. There are pn-junction light

emitting diodes commercially available in frequency up to the green in the

spectrum, and double heterostructure semiconductor lasers up to

red/yellow. Such devices are available because the emission efficiency is

great enough and the material technology is cost effective enough to make

them commercially viable.

Group II-VI semiconductors have the wide band gaps necessary for

blue emission and have shown to be promising candidates for blue

electroluminescent devices. They have a more difficult material technology

and less is known about them. Several wide band gap materials are being

studied and developed in the growth stages, for their possible application in

future technology. One such material under study is ZnSe, which is a direct

gap material with a band gap of 2.7 eV at room temperature. ZnSe is

already commercially used for lenses and mirrors but not for luminescence

purposes.

Recent reports of progress at the 3M company [1 ] claim that pulsed

lasing has been achieved at 525 nm at room temperature in a ZnSe

pn-junction laser diode incorporating Cd and S (also group II and VI

materials). Their diode has a high threshold current, is not stable and

consequently has a short lifetime. To be commercially viable the device
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needs to have an efficient form of near-band-edge radiative recombination

to prevent the device heating up and breaking down. There is still a long

way to go before stable and continuous efficient blue emission can be

achieved at room temperature.

It is our aim to gain a better understanding of how and why certain

recombination mechanisms compete at room temperature and why

different materials have different properties. At the same time we wish to

find out whether efficient blue emission in ZnSe at room temperature is

theoretically possible. We also wish to understand more about impurity

impact ionization in semiconductors and find ways to establish

cross-sections. Again we apply results to ZnSe, for which impurity impact

ionization is relevant as it is a wide band gap material.

§ 1.2 History

Much of the work in this thesis is based on theoretical papers written

during the 1920s and 1930s. An amalgamation of ideas and principles of

atomic and solid state physics during the 1950s and 1960s led to a more

indepth understanding of events in the solid state, specifically in the

semiconductor medium that was proving to be ever more useful for

practical applications. The list of important experimental and theoretical

contributions to atomic physics and semiconductor science is long, though it

is both important and interesting to recount at least some of the
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achievements relevant to the work in this thesis.

In 1920 in Gottingen, Gudden and Pohl [2] established that powdered

ZnS became a conductor under illumination, and later on established the

same property with other group II sulphides [3]. It is interesting because of

the atomistic view taken of solid state events. Gudden and Pohl [4]

mentioned the occurrence of 'centres' resulting from irradiation and that

centres were reversible and a result of the transfer of electrons. Gudden [5]

later wrote in 1930 that no pure substance was ever a semiconductor and

that conductivity of such conductors was due to the presence of impurities

[6]. These impurities could be either electropositive or electronegative

according to negative or positive Hall effects.

In theoretical physics there was a need to describe events in the lattice

so that the total potential acting on any entity in the lattice needed to be

characterised mathematically. In 1928, Bloch [7] whilst studying under the

supervision of Heisenberg at Leipzig, realised that the periodicity of a

potential in a lattice could be described mathematically with a periodic

function. This is equivalent to Floquet's [8] theorem for the solution of a

linear differential equation. Housten [9] had also come to a similar

conclusion.

Atomic physics is important in solid state physics as there are often

many analogies. One example is in collision theory. Calculations on

inelastic scattering in the semiconductor medium have largely been based

on work by Bom on the atom in free space, but using Bloch functions to

describe the lattice. Bom [10,11] successfully calculated the probability of
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impact ionization and excitation of a hydrogen atom by an incident electron

in free space, by assuming the free states of the system did not interact with

each other and could be approximated by plane waves. This in effect was

equivalent to time dependent perturbation theory, developed by Dirac

[12,13] and the application of which has since become known as Fermi's

"Golden Rule No.2". Bethe's [14] treatment of impact excitation and

ionization in free space simplified the probability calculation producing the

Fourier transform of a hydrogenic wave function that was commonly used

in problems thereafter.

Although much seems to have been known by the early 1930s, there

was still a lot of confusion as to what a semiconductor was, and how should

certain materials be classified. Much of the problem lay in the difficulty in

producing very pure substances for experimentation. Such problems would

not be resolved until the band structure was successfully understood in

non-metals.

We are interested in semiconductor luminescence in this thesis, and

we will therefore trace some of the events and calculations directly relevant

to luminescence for the subsequent period up to the present.

In 1936, Destriau [15] showed that ZnS:Cu powder immersed in oil

between two electric plates produced weak green-blue electroluminescence

on application of an ac. voltage. Large display devices based on this were

manufactured in the late 1950s and early 1960s, though such devices proved

unreliable and inefficient. To produce efficient electroluminescence,

theoretical work concentrated on calculating the lifetimes of carriers
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involved in the different recombination processes to assess which

recombination mechanisms dominated under specific conditions in various

materials.

One of the important factors was non-radiative recombination.

Auger [16] processes (which are non-radiative) in non-metals were first

discussed by Frohlich and O'Dwyer [17] in 1950 but it was not until 1959

that Auger lifetimes were first successfully calculated by Beattie and

Landsberg [18] for band to band recombination. Landsberg published many

subsequent calculations with other authors for other Auger recombination

mechanisms. The importance of these calculations were two-fold as the

Auger recombination mechanisms were reverse inelastic collision

processes, and so not only were Auger lifetimes calculated but also impact

excitaton and ionization probabilities could also be calculated for specific

conditions. These calculations were analogous to the Born [9,10] and Bethe

[13] treatments of the atom in free space. In 1952, Hall [19] and Shockley

and Read [20] independently calculated the statistics for non-radiative

lifetimes of free carriers via an energy level deep in the forbidden gap.

Non-radiative recombination via a deep level (otherwise known as

Hall-Shockley-Read recombination) has proved to be a great problem for

efficient luminescence in wide band gap materials.

In 1954, van Roosbroeck and Shockley [21] calculated the band to

band radiative recombination lifetime in InSb using the principle of

detailed balance. However it was not until perturbation theory was applied

to radiative recombination in the semiconductor medium that it became
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apparent how wave vector conservation played an important part in the

recombination probability. Eagles [22] initially studied the transitions

between free and bound carriers in 1960; and Dumke [23] in 1963

calculated the lifetime of bound carriers recombining with free carriers

using perturbation theory. The calculations of van Roosbroeck and

Shockley [21] and Dumke [23] are especially useful for calculations relevant

to room temperature luminescence. Also of interest: in 1954, Moss [24] and

Burstein [25] successfully explained the shift in the absorption edge with

degeneracy in semiconductors and this is the basis for population inversion

in semiconductor lasers.

It was not until 1974 that Inoguchi et al [26] demonstrated the first

reliable large display devices using modern deposition techniques at the

Sharp corporation. Such ZnS:Mn devices are still in production today and

have the advantage of often being cheaper than large display devices using

group III-V materials.

S 1.3 Thesis plan

Transition processes in semiconductors include the creation and the

recombination of electrons and holes. For the creation of electrons and

holes we consider inelastic collisions of charge carriers in this thesis and for

recombination we consider the competition between radiative and

non-radiative processes.
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In Chapter 2 we use the calculation made by Dumke [23] to find the

radiative recombination lifetime for free carriers in n-type ZnSe

recombining with bound carriers at room temperature. We find the free

minority carrier lifetime in n-type ZnSe as a function of the free majority

carrier concentration. Radiative recombination of bound carriers with free

carriers (of the opposite charge) is thought to be one process often observed

at low temperature, and it is of interest to find out whether this form of

recombination can ever produce significant intensities of blue light in ZnSe

at room temperature.

In chapter 3, the band to band radiative recombination lifetime for

ZnSe at room temperature is found as a function of free carrier

concentration using the van Roosbroeck and Shockley calculation [21].

Again we investigate whether this form of recombination is important in

ZnSe.

Both radiative and non-radiative recombination mechanisms are

considered and compared in chapter 4 to determine which mechanisms are

important under which conditions in ZnSe at room temperature.

Compensation, reabsorption and degeneracy are also discussed briefly.

Crystal momentum considerations are also discussed in view of the various

initial and final states of carriers involved in the different recombination

processes. This gives an insight into why certain processes are more

probable and hence able to compete better than others.

Impact ionization of an impurity as a mechanism for producing

electrons and holes for subsequent recombination is studied in chapters 5
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and 6. Livingstone and Allen [271 proposed two-step impact ionization via a

level in the band gap as a means of producing free holes and electrons in a

semiconductor. This is especially important for wide band gap materials

where large amounts of energy would be required for band to band

ionization.

The impurity ionization cross-section is calculated in chapter 5 and

the phonon assisted impact ionization cross-section is calculated in chapter

6. In both chapters two methods are used to calculate the cross-section, a

purely theoretical and a semi-empirical one. In the purely theoretical one,

two specific bound electron functions are used to calculate the impact

ionization cross-section of an impurity. However, little is known about the

wave functions of deeply bound carriers and a semi-empirical method of

evaluating the cross-section suggested by Allen [281 is presented. This idea

was first used by Allen for calculating the impact excitation cross-section

[29]. The semi-empirical method uses the photoionization cross-section of

an impurity, which can be measured, to characterise an impurity wave

function. This method has the advantage over the purely theoretical method

as it is the bound electron wave function that is the unknown quantity in

purely theoretical attempts to calculate the deep impurity impact ionization

cross-section.

In the final chapter we summarise the conclusions drawn throughout

the thesis concerning the possibility of efficient luminescence in ZnSe and

briefly outline some of the difficulties.
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§1.4 Notes

It should be noted here that the calculations are for n-type ZnSe and

not p-type, though adaptation is straightforward, n-type ZnSe has been

available for some time and it is still very difficult to grow p-type ZnSe

reproducibly.

Throughout the thesis, the calculated transition rates are all

dependent on the effective masses of the conduction band, and the two

valence bands. There is uncertainty as to these values. The most important

uncertainty is for the heavy hole mass which may be less than the value of

1.4m [30], that is used in this thesis.
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Chapter 2. Radiative Recombination of Bound Majority

Carriers with Free Minority Carriers.

§2.1 Introduction

In this chapter we are considering the radiative recombination of a

free carrier in one band with a carrier bound to a shallow impurity

associated with the opposite band. Specifically we are considering the

radiative recombination of free holes in both the light and heavy hole bands

with electrons bound to hydrogenic donors in n-type material and that of

free electrons with holes bound to hydrogenic acceptors in p-type material.

The calculation applies to the situation in which a small concentration of

minority carriers is injected, eg. by low level optical excitation. It is

assumed that thermalisation processes are more rapid than recombination

ones so that the minority carriers have a Maxwell-Boltzmann distribution.

The calculation is not valid under high excitation, eg. under lasing

conditions. Two other forms of free carrier to bound carrier radiative

recombination exist. These are free electrons recombining with bound

holes in n-type material and free holes recombining with bound electrons in

p-type material, though they are not under consideration in this chapter.

Transitions between acceptor levels and the conduction band were

initially studied theoretically by Eagles [22]. Dumke [23] has given a

theoretical treatment of such radiative transitions and found an explicit

expression for the minority carrier lifetime as a function of the bound
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carrier concentration. In practice it would be more useful to know the

minority carrier lifetime as a function of the free majority carrier

concentration. This is to enable comparison of lifetimes with other

recombination mechanisms which are calculated as functions of the free

carrier concentration and also because the free carrier concentration can be

easily measured in the laboratory.

We will be applying theory to ZnSe to find the lifetime of the free

minority carrier as a function of the majority carrier concentration,

especially at room temperature. A comparison is also made with GaAs. We

do this to see how ZnSe compares with GaAs, which we know to be an

important photon emitter, and to find which factors govern any

differences.

$2.2 Dumke's calculation

The recombination rate for bound majority carriers recombining

with free minority carriers is the rate of change of the density of free

minority carriers with time after excitation has ceased. In this case we are

considering the low excitation condition. In n-type material with large

enough band gap energy the concentration of holes is extremely small.

Hence the departure from equilibrium of the hole concentration is to a good

approximation equal to the total hole concentration. On the other hand

under these conditions, the change in concentration of the electrons bound

to the donors is small. Hence the hole lifetime x is related to the
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recombination rate by

-f = t= nDlf(Ev)Pb,kP®v)dEv . (2.1)p 0

where p is the concentration of holes in the valence band, Tp is the hole

lifetime, Pbk is the probability per unit time for radiative recombination

between a given initial and final state (the suffices b and k represent the free

carrier band and wave vector), nD is the concentration of bound electrons,

f(Ev) and p(Ev) are the hole distribution and density of states functions and

Ev is departure in energy from k=0 in the valence band. It is assumed that

other forms of recombination are not in competition and that generation

due to background radiation is negligible. Similar considerations apply to

free electrons recombining with bound holes in p-type material.

Dumke [231 has calculated the transition probability per unit time

between given initial and final states using the "Golden Rule". He was then

able to find the radiative recombination rate and hence the lifetime of

minority carriers in terms of the bound majority carrier concentration.

Dumke's model [23] assumes a non-degenerate carrier distribution in

a direct energy band gap semiconducting material with parabolic band

structure. Impurity states are to be discrete, shallow hydrogenic and

non-overlapping.

The matrix elements used by Dumke [23] involve an interaction

Hamiltonian linking states of electrons (or holes) and the electromagnetic
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field. For convenience, we consider the recombination of free holes with

donor bound electrons. Bloch states are employed for band wavefunctions

and non-overlapping hydrogenic states for bound carrier wavefunctions.

Where more than one valence band is involved, eg. light and heavy hole

bands, Dumke [23] considers transitions due to each band. The donor bound

electron function takes the form

VD = 1/21 3/2 expl-r/Op) ujr), (2.2)
n aD

in real space, where aD is the effective Bohr radius and uco(r) the Bloch

function, for which the suffices c and o represent the conduction band at

k=0. The wave function in k-space for the donor bound electron, \j/Dk, is

given by the Fourier transform of (2.2):

Rtt1/2
V™ = — ^ (2-3)

a^O/a^k2)2

The transition probability Tif per unit time between given initial and

final states, induced by the interaction of one electromagnetic mode is that

given by the "Golden Rule".

T =
if

271 M2
if 5(hw+ E - E - E )D G v

(2.4)

Equation (2.3) above, is for bound electrons recombining with free holes.
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Mif is the matrix element between the initial and final states of the

electromagnetic interaction and ED the depth of the donor level, bco is the

photon energy, EG the band gap energy and Evk is the energy of the hole in

the valence band with respect to the energy at k=0.

Summing this probability Tif over electromagnetic modes with

spectral density of p(bco)=(n3co2/7t2lic3), yields the probability Pbk , which

appears in equation (2.1).

Dumke [231 expresses the lifetime xp as the lifetime xp0 of carriers at

k=0 and divided by a free minority carrier distribution factor T. If only

one band is involved in the recombination process then T= T(ab). If more

than one band is involved, there is a T for each band and the lifetime is

given by a suitable averaging. T(ab) is dependent on the Boltzmann

distribution of carriers in the band containing minority carriers (the suffix

b refers to the band in question). ab is defined as

m. E.

«K = . (2.5)^ V.T

where Ej is the ionization energy, mimp is the effective mass of the impurity

bound electron and mb is the free hole mass, depending on which band is

involved.

Hence the lifetime of free holes recombining with bound electrons in
1 5



n-type material is given by

i=>r(ttb) = "d ^r(Kb) (2.6)

This has been written out by Dumke [23] explicitly as

2

1 64^2 7tn. % % n<y . (2.7)X,
p

n 3 2
c m (mcED)

In equation (2.7) above, nriis the refractive index, I Pvc lav is an interband

momentum matrix element linking band structures of valence and

conduction bands and can be estimated from appropriate effective masses.

Dumke [23] has a table of numerical values for T(ab) for some

specific values of ab. An extrapolation of those values in the table is

estimated graphically so as to be applicable for ZnSe at room temperature

for different donor energies (see appendix 2A.1). A weighting process

dependent on the mass of the valence band involved in recombination is also

included in the factor, should there be two valence bands (light and heavy

hole) involved in the recombination process, as in ZnSe (see appendix

2A.2).

1 6



§2.3 Free and bound majority carrier concentrations

As pointed out in §2.1, the lifetime is best expressed as a function of

the free majority carrier concentration, we have to relate the bound

majority carrier concentration nD to the free majority carrier concentration

n. In non-degenerate material, the free carrier concentration can be related

to the Fermi level by

n = Nc exp {(Ep- E)/kBT} , (2.8)

where N , given by

Nc == 2

f \3/2
2nmc kgT

2
h

(2.9)

is the effective density of states in the conduction band, Ec is the energy

level of the bottom of the conduction band and EF is the Fermi level.

The bound electron concentration can also be related to the Fermi

level and conveniently approximated (as in equation (2.10)) when the

Fermi level is below the donor level by much more than kBT.

"d ~ 2 NDexp {(E F - Ed) /kRT} , (2.10)

where ND is the donor concentration and ED is the donor level. (Appendix

1 7



2B has a more detailed analysis and applies the problem to ZnSe).

Compensation can play a significant role in the end result. We call y

the compensation factor defined in equation (2.11)

(2.11)

where NA is the acceptor concentration. We can relate n, nD and y by

applying the charge neutrality condition:

If we then say n + nD» p + pA, which in an n-type material is a reasonable

assumption, we can then relate n with nD.

Ej is the activation energy (Ec - ED) of the bound electron. The lifetime can

now be expressed in terms of the free majority carrier concentration.

For p-type material, exchanging relevant parameters in order to

relate p with pA, is satisfactory if the conditions corresponding with those

for equations (2.8) and (2.10) are met.

There is a complication when one wants to apply the model to a

Nd " nD " n = Na " PA " P • (2.12)

-nD + VnD+ 2i1dtNcexp{ -Ej/kgT}
(2.13)2

1 8



semiconductor material in practice. The presence of many impurities

causes the potential of each impurity to perturb that of the others and also

the impurity wave functions overlap. The result is that the average

activation energy of donor bound electrons decreases with increasing free

carrier concentration. This decrease in activation energy has two effects.

Firstly it affects n/nD (see equation (2.13)), which is dependent on Er

Secondly the impurity wave function will be affected and then so is the

matrix element and hence the lifetime. It is very difficult to find wave

functions in this case. We will assume as an approximation that the wave

function is still hydrogenic in form and that an inverse Bohr radius ocimpcan

still be related to the modified activation energy by

h2 a2
E = imp , (2.14)I 2 m. y

imp

where Ej is the activation energy of the bound electron and mimp is the

effective mass of the bound electron. By making this assumption we can still

use Dumke's [23] model. The inverse effective Bohr radius ocimpin this case

is different from the inverse effective Bohr radius aD which was used in

equations (2.2,2.3& 2.7) for calculating the transition probability. aimp is

only used for taking into account the effect of free electron concentration

on the ratio of electrons that are bound to shallow donors.

1 9



§2.4 Results for ZnSe at room temperature

We have calculated the lifetime as a function of the bound electron

concentration as a product of the lifetime xpo at k=0 and the hole

distribution factor T. Both vary with donor activation energy, and in the

case of n-type ZnSe, the activation energy itself varies with the free carrier

concentration.

Table 2.1 shows for a range of free electron concentrations from

1015 cm-3 through to 2 x 1017 cm 3, in uncompensated n-type material, the

values of the bound carrier concentration nD, the average activation energy

Ej, taken from Woodbury and Aven's [31] graphical fit of experimental

observations, the T factor which combines V lh and T hh (see Appendix

2A.2), the product of the bound carrier concentration nD with the life time

VznSe,300K at k=° >the product of nD with the lifetime xp ZnSe<300K (which

takes r into account) and finally the free carrier lifetime xpZnSe300K.

From table 2.1 we can see the average activation energy decreases

with increasing free carrier concentration. This decreases Tpo though it also
decreases T and so the two effects on the lifetime as a function of free

carrier concentration almost cancel each other out. This leaves the

relationship between the lifetime Tp and the free carrier concentration n to

be almost quadratic (see figure 2.1). One can see from table 2.1 and figure

2.1 that xp is approximately 7 x 1027/ n2 seconds.
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n

(cm3)

nD EI EZnSe,300K nD xpo,ZnSe,300K nD Xp,ZnSe,300K Xp,ZnSe,300K

(cnr3) (meV) (cm-3 s) (cm3 s) (s)

7.1 x 1014 1.8 x 1012 23 9.9 x 10"3 1.5 x 1()8 1.5 x lO10 8.4 x 10"3

7.1 x 1015 1.5 xlO14 19 7.8xlO-3 1.1 x 108 1.4 x 1010 9.4 x 10"5

2.1 x 1016 1.3 xlO15 16 6.2xl0-3 8.7 x 107 1.4 xlO10 1.1 x 10"5

7.1 x 1016 1.2 xlO16 9 3.0 xl0-3 3.6 x 107 1.2 xlO10 1.0 xlO"6

1.4 xlO17 4.0 xlO16 4 1.2xl0-3 1.1 x 107 0.9 x lO10 2.3 x 10'7

Table 2.1. The sequence of Dumke's calculation [23] from free carrier

concentration through to radiative lifetime of free holes recombining

with electrons bound to donors, with an average activation energy of Ej

in uncompensated n-type ZnSe at 300 Kelvin.
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Figure 2.1 The calculated free hole lifetime for free hole to bound

electron recombination in ZnSe at 300 Kelvin.

$2.5 Comparison of ZnSe with GaAs

The hole lifetimes for ZnSe at temperature Tt and GaAs at

temperature T2 for the same bound carrier concentration when the

conditions for equation (2.6) to hold for both materials are satisfied, are

related by the following equation:
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rn
KJ
717
lxpj

ZnSe,T

'_l?
vXk=Oy r

7 c ZnSe,!,ZnSe 1

r (2.15)
GaAs,T„

GaAs,T„
k=0,v

GaAs

The ratio of lifetimes at k=0 for ZnSe and GaAs is found to be

numerically:

'
1 ^
k=0

ZnSe

'jj
Ck=0

= 0-15 (2.16)

GaAs

Hence the radiative lifetime in GaAs at k=0 (if all the free holes were at the

top of the valence band), is shorter than that in ZnSe. The bound electron

effective mass of the impurity in GaAs (0.072m) is half that of the one in

ZnSe (0.145m). The binding energies used in this case are 6.2 meV in GaAs

and 12 meV in ZnSe. The wave function of the impurity in GaAs is

therefore more confined in k-space and has a larger amplitude near k=0.

This is shown in the ratio in equation (2.15), which is effectively a ratio of

matrix elements taken at k=0.

The individual T(ab) factors that are determined by distributions of

carriers for GaAs at 300 K are 0.016 and 0.0037 for light and heavy holes

respectively. The effective masses of the valence bands are given as 0.12me
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and 0.5me, so that after the weighting procedure, the overall T is

approximately 2.8 x 10"^. Therefore the free hole lifetime in GaAs is 3

times shorter than in ZnSe at 300 K, when one assumes an activation

energy of 12 meV in ZnSe at nD=5 x 10^ cm~3 (as reported by Woodbury

and Aven [31]).

It is more useful to know the ratio of lifetimes for the same free

carrier concentration than the same bound carrier concentration. Such a

ratio is calculated by multiplying by a scaling factor that compares the ratio

of free to bound carriers for both materials at the same free carrier

concentration. Hence at n = 1016 cm~3, the free hole lifetime in GaAs is 6

times shorter than in ZnSe at 300 K, when one assumes an activation

energy of 19 meV in ZnSe.

Analysis and significance of results

The aim of the work described in this chapter is to see whether

radiative recombination of bound majority carriers with free minority

carriers can be a significant radiative recombination mechanism. We also

analyse the factors that lead to a high radiative recombination rate. When

light hole and heavy hole valence bands are involved, we can see how much

each band contributes, by seeing the contribution each T(oc^) has in making

up the overall T (see appendix 2A.2, table 2.2). From table 2.2 which

applies to ZnSe, we can see the heavy hole band contributes nearly two
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thirds and the light hole band just over one third, assuming effective masses

to be 1,4m and 0.14m respectively. Hence the heavy hole band is important.

Comparing the free majority carrier concentration n with the bound

majority carrier concentration nD is also interesting. The lifetime of the

free hole in this calculation is inversely proportional to the bound electron

concentration nD. Since it is desirable for the radiative lifetime to be short,

it would be desirable to have nD as high as possible, if it doesn't introduce

non-radiative effects. If in n-type material, the ratio of free to bound

electrons is high for given conditions, then the electron carrier

concentration will never reach very high concentrations before the

limitation of the hydrogenic model is reached. The hydrogenic model

completely breaks down when the activation energy reaches zero (see

appendix 2B, figure 2.3). The ratio of free to bound carrier concentration

(n/nD) in n-type ZnSe at 300 K is shown in figure 2.2, with the activation

energies shown in table 2.1. With n=1017 the ratio (n/nD) is about 6 and with

n=1016cnr3 the ratio (n/nD) is about 50. As the free electron concentration

increases, the ratio of electrons on the donors increases and this is good for

this type of radiative recombination.

Generally most semiconducting material is compensated by either

wanted or unwanted centres. In n-type material the presence of acceptors

affects the ratio of free electrons to bound electrons n/ nD. Having defined a

compensation factor y in equation (2.11), we can include y into equation
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(2.12) which relates n with nD. For y = 0.5, we find n/nD is reduced by

approximately 2. Similarly for y = 0.1, we find n/nD is reduced by about 10,

though the model breaks down before the free carrier concentration

approaches yNc. Hence for a given carrier concentration, compensation can

increase the radiative recombination rate.

Temperature is another important factor for the lifetime. Although

in practice we wish to know how well this form of radiative recombination

will compete in practice at room temperature, it is useful to know the

behaviour of a material at lower temperatures at which many experiments

are conducted to characterise the material. Two factors are affected by

temperature. Firstly the ratio of free to bound carriers n/nD, and secondly T

that is determined by the distribution of free holes. For n=1016 cm"3, r300K

/r77K = 1/6 and nD300K/nD77K= 1/10 approximately. This means that for

n=1016 cm-3 at 77 K, we would expect the lifetime to be sixty times shorter

than at 300K.

So far we have considered recombination of free holes with bound

electrons in n-type material. If we now consider the radiative

recombination of holes bound to acceptors to free electrons in p-type ZnSe

at 300 K and assume the activation energy for a hydrogenic acceptor to be

100 meV, then we calculate that nA xnZnSe = 5 x 1010 cm 3 s. The lifetime is

longer than the value for n-type material with the same bound carrier

concentration. The ratio of free to bound carriers is about the same as it is

with n-type material. This fact may seem surprising as the acceptor depth is
26



four times greater than kBT at room temperature, but the effective mass of

a hole in the heavy hole band is great so that the density of states in the

heavy hole band is also great.
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Figure 2.2 The free electron concentration n as a function of bound

electron carrier concentration nD for uncompensated (y=l) and 50%

compensated (y=0.5) n-type ZnSe at room temperature. (The average

activation energy of the shallow donor has been taken to vary with free

carrier concentration n, using the experimental results of Woodbury and

Aven [31].)
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Appendix 2A

The lifetime xp was expressed in equations (2.5) and (2.6) to be a

product of the lifetime xp0 of carriers at k=0 and a factor l/T(ocb) dependent
on the Boltzmann distribution of carriers in the band(s) containing

minority carriers and on whether or not two valence bands are involved in

recombination. An overall T is shown in section 2A.2 for the case when

more than one band is involved.

2A.1: Dumke [21] has a table for the lifetime for the effect of the

Boltzmann distribution. The table gives T(ab) for specified ab values. ab

was defined in equation (2.5) to be related to the charge carrier masses,

activation energy and kBT. An extrapolation of those points in the table is

estimated graphically (see figure 2.3) so as to be applicable for ZnSe at

room temperature for different donor energies.

2A.2: Dumke [23] defines the overall T for two valence bands as a

weighted combination related to the density of states masses from two

valence bands.

m3/2 m3/2
F =

3/2 I" + 3/2 3/2 ^ ' (2.A1)m./ + nr. lh m:/ + nx,lh hh lh hh

The suffices lh and hh refer to the light and heavy hole bands
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respectively.

In n-type ZnSe at 300 K both the light and heavy hole bands

contribute to the overall recombination rate. Table 2.2 shows T(ab) for

both bands and hence overall contribution to T. The fourth column showing

r(oclh)/30 is an approximation of the first term on the right hand side of

equation (2.A1) and the fifth column features the second term.

n nD Ej r(alh)/30 r(ochh)

(cm-3) (cm-3) (meV)

7.1 X 1014 1.8 x 1012 23 3.7 x 10-3 6.2 x lO-3 9.9 x lO-3

7.1 X 1015 1.5 x 1014 19 2.9 x 10-3 4.9 x lO-3 7.8 x lO-3

2.1 X 1016 1.3 x 1015 16 2.3 x lO-3 3.9 x lO-3 6.2 x lO-3

7.1 X 1016 1.2 x 1016 9 1.1 X 10-3 1.9 x lO-3 3.0 x lO-3

1.4 X 1017 4 x 1016 4 4.3 x io-4 7.2 x 10-4 1.2 x lO-3

Table 2.2. The contributions to rZnSe30()K in the last column is shown for

the light and heavy hole valence bands in n-type ZnSe at 300 Kelvin. The

heavy hole band contributes 63% on average and the light hole band

contributes 37% on average.
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Figure 2.3 The free carrier distribution factor T(ab) as a function of ab,

extrapolated to be relevant to a shallow donor in ZnSe at room

temperature.

Appendix 2B

Equation (2.8) is an approximation of Fermi-Dirac statistics and

takes an unabbreviated form,

The factor 1/2 comes from spin degeneracy. For acceptors the factor is 2.

Equation (2.9) is an approximation for equation (2B.1) when ED-EF»kBT.

30

n (2.B1)
D

1 + 1/2 exp {(Ed - Ep)/kBT}



Figure 2.4 relates the donor level ED and the Fermi level EF with free carrier

concentration n, in n-type ZnSe at room temperature. We can see the

condition for equation (2.8) to be a fair approximation until n = 2 x 1017

cm 3. We have taken the conduction band mass to be 0.145 m which gives an

effective density of states Nc = 1.4 x 1018 cm 3. The metal non-metal

transition calculated from the Mott condition, occurs somewhere in the broad

range marked on figure 2.4. It is difficult to assess an exact point for the

transition.

_3
Free electron concentration n (cm )

Figure 2.4 The variation in average activation energy of the shallow donor

bound electron in n-type ZnSe as a function of free electron concentration

n, from experimental results ofWoodbury and Aven [31].
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Chanter 3. Radiative recombination of free holes and

electrons

$3.1 Introduction

In this chapter we examine the feasibility of radiative recombination

of electrons in the conduction band with holes in the valence band as a

possible mechanism for luminescence in ZnSe at room temperature. We are

considering low level excitation in non-degenerate material.

A free electron in the conduction band can recombine with a free

hole in either the light or heavy hole band resulting in the spontaneous

emission of a photon of energy hv and crystal momentum bkphoton, when

both crystal momentum and energy are conserved in the process.

Many textbooks say that band to band radiative recombination is a

more probable process in direct gap semiconductors than in indirect gap

semiconductors. It seems plausible to expect this to be the case, when in a

direct gap semiconductor, the free carriers in both the conduction and

valence bands have crystal momentum distributions centred about the same

crystal momentum value. However, many textbooks often fail to mention

that it is the presence of impurities and lattice defects that can enhance the

band to band radiative recombination rate. Even though the electrons and

holes may have similar crystal momentum values when they interact with

each other in a direct gap semiconductor, there has to be an exact

conservation of crystal momentum (taking the crystal momentum of the
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photon bkph into consideration) for radiative recombination to take place.

Impurities and lattice defects vibrate in the lattice and can absorb a

mismatch in crystal momentum when radiative recombination takes place

near the impurity, with subsequent emission or absorption of one or more

phonons.

Van Roosbroeck and Shockley [21] have studied band to band

radiative recombination. Their theory enables a semi-empirical calculation

of the radiative recombination rate and hence the lifetime of excess

electrons and holes. In this chapter we will be substituting conditions

applicable to ZnSe at 300 K into their calculation to find the excess carrier

lifetime. We use this method in preference to using the "Golden Rule" to

find the recombination probability and hence recombination rate and

lifetime. This is because the presence of impurities and lattice defects can

increase the probability of radiative recombination and we would have to

consider phonon assisted as well as purely electronic band to band radiative

recombination to find the total rate of band to band radiative

recombination. The semi-empirical method has the advantage that the

absorption coefficient is measured and it takes into account the various

mechanisms associated with optical band to band transitions.

The semi-empirical method is only valid for low level excitation and

it is interesting to consider band to band radiative recombination when one

band becomes degenerate. A brief investigation into crystal momentum

conservation in direct gap band to band radiative recombination is carried

out in §3.4. We find the degree of degeneracy required at 300 K in n-type
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ZnSe for the spread in k-space of occupied states in the conduction band to

match the spread in both valence bands due to thermal effects. Finally we

examine the intensity of photon emission as a function of emission energy.

§3.2 Lifetime Calculation

The van Roosbroeck-Shockley [21] theory of radiative

recombination of electrons and holes enables a semi-empirical

determination of the spectral distribution of the rate of photon generation,

by applying the principle of detailed balance. The principle gives the result

that at thermal equilibrium the radiative recombination rate is equal to the

rate of absorption of the thermal radiation that creates electron-hole pairs,

for all frequencies of radiation.

The radiative recombination rate is an integral over all photon

energies of the convolution of Planck's distribution of black body radiation

and the absorption index. Van Roosbroeck and Shockley [21] have shown

the total rate of generation R per unit volume to be

0

(3.1)

a A.
(3.2)

and

(3.3)
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K is the absorption index, a is the absorption coefficient of the material

and varies with u, nriis the refractive index, X is the wavelength , v is the

frequency of the emitted photon, and T is the temperature.

An approximation for the absorption coefficient as a function of

photon energy is estimated from experimental values of Hite, Marple, Aven

and Segall [32] and Aven, Marple and Segall [33]. In this calculation we

assume the absorption coefficient a increases exponentially with photon

energy until the band gap energy. Thereafter we assume the absorption

coefficient a remains constant at amax with increasing photon energy. In

this way we are able to split the integral in equation (3.1) into two ranges

of u, namely 0 to uedge (which is band gap/kT) and uedge to infinity.
We estimate the exponential rate of change of absorption coefficient

in the range of 0 to uedgefrom measurements of Hite et al [32]. Their results

for ZnSe for temperatures up to 200 K indicated that the absorption

coefficient increases almost exponentially with photon energy up to a point

near band gap energy. From these results an estimate of the exponential

rate of change of the absorption coefficient a at 300 K is made, as is the

maximum value ocmaxat band gap. The results of Aven et al [33] suggest that

the absorption coefficient for ZnSe at 300 K remains constant at a atA max

photon energies greater than band gap. We also use this value of amax to

compare with Hite et al [32].
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For materials with a band gap of more than 0.3 eV at 300 K, where

uedge greater than 10, the values of u that make the most significant
contribution to the integral in equation (3.1) are those values of u centred

around and close to uedge. This is because the Planck distribution for black

body radiation decreases very fast with respect to u and our approximation

for the absorption coefficient only increases very quickly with respect to u

until uedge when it remains constant, allowing the Planck distribution to

dominate. We can then make two approximations to the calculation. Firstly

we can assume the integral in equation (3.1) approximates to n3 K u3 e~u.

Secondly that since the u3 term does not vary much compared to the other

terms for the relevant range of u in the integral in equation (3.1), we

remove it from within the integral to form a multiplication constant

(uedge)3. We will also assume that the wavelength X does not vary

significantly as it is inversely proportional to u.

A macroscopic view of the calculation in graphical form (see figure

3.1) shows the product of a function (u3e u) dominated by an approximation

of the Planck distribution of black body radiation with a function (n3K)

dominated by our approximation of the absorption coefficient of the

material in question.

Having split the approximation for the absorption coefficient into

two ranges of u and assuming uedge to be greater than 10, we then

approximate equation (3.1) to be
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R =
8 71 kBT n n

h ^

edge

J A esu eL1 du +J e u du
u
edge

(3.4)

where for u less than u
edge

Aesu = a , (3.5)

and at uedge and for values greater than uedgc

Aesu#= a
max *

(3.6)

Log
scale

(a.u.)

iV
(Ec/keT) u = hv / kRT

Figure 3.1 Functions u3e_u, n3K and n3Ku3e u versus u(=hv/kBT).
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We can then write

R = kBT"n ^
h X2

A e
u(s-l)

s-1

edge

+ -°we
-u

0 edge

(3.7)

s is determined from the rate of exponential change in a with u up until

uedge. Using our condition in equation (3.6), equation (3.7) reduces very

conveniently into

_ 871 kRT n2ri
2

h X
s -1 e'V (3.8)

In n-type material the carrier lifetime x is the equilibrium hole

density pG divided by the radiative recombination rate per unit volume R,

to a very good approximation (see appendix 3A).

x = ^ • (3.9)
In a non-degenerate material we know that

p0= Nv exPp^A| and that nQ = Nc exp {"^ } , (3.10)
so that

noPo = NcNv e™* . (3.11)
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If we assume that the free carrier concentration n is approximately equal to

the equilibrium carrier concentration no, we can deduce the lifetime x as a

function of free carrier concentration n.

h 7 Nc Nv x
87c kfiT n

(3.12)

This result is from the detailed balance calculation and it must be stressed

that the result only applies for low level excitation where we still assume

the carriers here have a Maxwell-Boltzmann distribution.

$3.3 Results for the lifetime for non-degeneracv

For ZnSe at 300 K we take the refractive index n to be 3.0, X to be

460 nm and ucclge is determined to be 2.715(eV)/kT300 which is

approximately 105. From Hite et al [32] we estimate s to be 2.05±0.05. The

absorption coefficient amax for band gap energy at 300 K is difficult to

assess. Information supplied by Hite et al [32) leads us to estimate ccmax to be

3 x 10 5 cm-1. Earlier work by Aven et al [33] show the value to be

approximately 6 x 104cm1. Both sets of experimental results were from

measurements of reflection of polarised radiation. If we assume the average

free hole mass is 1.4m and the free electron mass to be 0.14m, then the

product of the effective densities of states is NcNv = 5.4 x 1037 cm 6
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approximately, at 300 K. With amax= 3 x 105 cm1 the lifetime is x = (1 x

108 / n) seconds; and with ocmax= 6 x 104cm1, the lifetime works out to be

approximately (6 x 108 / n) seconds. More recent evaluations of the

absorption coefficient are approximately in agreement with those used.

Peyghambarian et al [34] estimated amax to be 4 to 5 x KPcnr1 and Adachi

et al [35] estimated amax to be about KPcnr1 at band gap energy at room

temperature.

$3.4 The effect of degeneracy and temperature on the

spread of occupied states in the conduction and valence bands

The calculation in the previous part applies when the carrier

distribution is a Maxwell-Boltzmann distribution. It is interesting to look

from a different point of view when one band becomes degenerate, eg. in

the case of strong photoexcitation or injection of carriers. This leads to a

non-equilibrium case where the principle of detailed balance breaks down.

When one band becomes completely degenerate through strong

photoexcitation or injection of carriers we ignore the concentration of

donors and the equilibrium density. In these circumstances some authors

refer to quasi-Fermi levels, though in this work we will refer to the Fermi

level only.

For luminescence purposes, it is desirable to have free carriers from
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the conduction and valence bands at the same k values to optimise band to

band radiative recombination. In this section we compare the spread of

holes in the light and heavy hole valence bands due to temperature, with the

spread of electrons in the conduction band due to degeneracy.

It is well known that the Fermi energy extends into the conduction

band for a highly degenerate n-type material. This guarantees that states

will be filled up along the conduction band to give a spread in the possible

crystal momentum values hk. The holes in the heavy hole band are often

much heavier than the electrons in the conduction band. The thermal spread

in energy in the heavy hole band due to temperature will then result in a

larger spread in k-space in the heavy hole band than in the conduction band.

In this calculation, we wish to find the degree of degeneracy required for

the spread in k-space in the conduction band to match the spread in the

valence band due to thermal effects. When the spread in both bands match,

the requirement for the conservation of crystal momentum in an optical

transition should not be an obstacle. We also consider the light hole band

and apply the problem to ZnSe.

The Fermi energy as a function of carrier concentration at constant

temperature is calculated for the non-degenerate case and the completely

degenerate case. Intermediate values are estimated by free hand on a graph

(see figure 3.2).

For the non-degenerate case in n-type material when the free carrier

concentration n is much less than the effective density of states Nc in the

conduction band.
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Ep = Ec + kBT In
n

N (3.13)

and for the completely degenerate case

Ep - Ec +
3/tc n

4N

2/3

V (3.14)

In the degenerate case, when the Fermi energy is in the conduction band we

define Ecb as (EF - Ec) and to be the energy above the conduction band

corresponding to the spread in k-space ksprcad, for energy up to EF

Ecb =

2 2
h k

spread
2rm (3.15)

For the valence bands we define Evb to be kBT,and relate it to the spread in

wave vector, kspread'

Evb =

2k2^ spread
2mh

4T =
2k
"kJ "cb (3.16)

So that for the same spread in k-space for both the conduction band and one

of the valence bands, EF has to be (mh/me)kBT above the bottom of the

conduction band. Hence, for a completely degenerate material we can relate

equations (3.14, 3.15 and 3.16) in equation (3.17) below, to find the carrier

concentration n that causes a high enough Fermi energy to match a thermal
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spread kBT in the valence band.

n =
—— N
3/tc c

m.

m„

3/2

(3.17)
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Figure 3.2 The Fermi level EF as a function of free electron concentration

n, in n-type ZnSe at 300 Kelvin.

If EF is not high enough in the conduction band for the material not to

be considered completely degenerate, but lies in or near the intermediary

stage at carrier concentrations not much greater than Nc, then equation

(3.17) will not be accurate. The solution can be found by calculating Ecb,
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which is (mh/me) kBT and finding the corresponding Fermi energy in figure

3.2, which relates Fermi energy with free carrier concentration and seeing

which free carrier concentration is necessary.

$3.5 Results for ZnSe

We take the free electron mass and the light hole mass to be 0.14 m

and the heavy hole mass to be 1.4 m.

At 300 Kelvin:

The Fermi level needs to be 26 meV above the bottom of the conduction

band to effectively cover the spread of holes in the light hole valence

band; and this corresponds to n = 3.0 x 1018 cm-3.

The Fermi level needs to be 260 meV above the bottom of the conduction

band to effectively cover the spread of holes in the heavy hole valence

band; and this corresponds to n = 3.6 x 1019 cm 3.

Many experiments are conducted at liquid nitrogen temperature so

it is interesting to find out the results at 77 Kelvin. The Fermi level has

been recalculated as a function of free electron concentration n, as the

effective density of states decreases with temperature.

At 77 Kelvin:

The Fermi level needs to be 6.5 meV above the bottom of the conduction

band to effectively cover the spread of holes in the light hole valence band;
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and this corresponds to n = 1.4 x 1017 cm 3.

The Fermi level needs to be 65 meV above the bottom of the conduction

band to effectively cover the spread of holes in the heavy hole valence band;

and this corresponds to n = 5.2 x 1018 cnr3.

§3.6 Summary

The van Roosbroeck and Shockley [21] model has been applied to

ZnSe at 300 K to find the lifetime of excess carriers. This worked out to be

between (1 x 108/n) and (6 x 108/n) seconds. At a free carrier concentration

of 1016cnr3, the lifetime is between 1 and 6 x 10~8 seconds. The diversity in

the lifetime results from the two different values substituted for the

absorption coefficient at band gap energy at 300 K.

In the case of degeneracy, when we wanted the Fermi energy high

enough in the conduction band to cover thermal spreads in k-space for the

occupation of holes in both valence bands to encourage a conservation of

crystal momentum, the carrier concentrations required at 300 K were

really quite high. Even though the carrier concentration needed to cover

the spread in the light hole band is only 3.0 x 1018 cm3, which is much less

than the concentration for the heavy hole band 3.6 x 1019 cm3, there is only

one hole in the light hole band to every thirty holes in the heavy hole band.
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Appendix 3A

In an n-type extrinsic material near thermal equilibrium, n the free

electron concentration is approximately equal to the the equilibrium

electron density n0.The decay time is [21]:

T = . ^ (3A.1)(n0+p) R

Since for a very small disturbance nG = n and p = 5p « n, the carrier

lifetime in n-type material is to a very good approximation

x = Y (3.9)
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Chapter 4. Near band edge luminescence in n-tvpe ZnSe at

room temperature

S4.1 Introduction

In this chapter we will be comparing several radiative and

non-radiative recombination mechanisms, which are discussed in detail in

other chapters, to see under which conditions radiative recombination can

ever compete well enough with non-radiative processes to produce

significant intensities of blue light in ZnSe at room temperature. These

discussions concentrate on the weak excitation of ZnSe. High degeneracy

through strong optical excitation or carrier injection is not considered until

section 4.2.3 on band to band radiative recombination, where conditions

suitable for lasing conditions are considered.

The near band edge radiative recombination mechanisms include:

free electron to free hole, donor bound electron to free hole, free electron

to acceptor bound hole, donor bound electron to acceptor bound hole and

exciton recombination. All the aforementioned forms of recombination

have their corresponding Auger processes where energy is transferred to

another charge carrier instead of being emitted in the form of a photon.

Deep level recombination involves both radiative and non-radiative

recombination and is very important in device applications of wide band

gap materials.

After comparing results for various calculations, appendix 3A at the
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end of the chapter, compares the different mechanisms from a conceptual

point of view in k-space by considering the distribution of occupied states

in k-space.

§4.2 Recombination mechanisms

§4.2.1 Exciton recombination

Excitons bound to shallow donors have weak binding energies of the

order of a few meV in ZnSe [36] and at room temperature are mostly

disassociated from shallow donors altogether. Excitons bound to acceptors

have slightly stronger binding energies, yet are still weak in comparison to

kBT at room temperature, and therefore are mostly disassociated from

acceptors as well. Also excitons can only bind to ionized acceptors, which

are greatly outnumbered by neutral ones at room temperature. Bound

exciton recombination is therefore unimportant.

The recombination energy of free excitons was found to be about 21

meV less than band gap energy by Hite et al [32] . This means that they

cannot be discounted at room temperature, where kBT is about 25 meV, on

the grounds that the binding energy between the electron and hole is too

small. A binding energy of 21 meV is weak in exciton terms and so we

describe such an exciton as a Wannier exciton. An approximation to the

wave function of a Wannier exciton in a semiconductor is made up of a

product of hydrogen like functions for the electron and hole centred about a

common centre of mass and a plane wave function eik-r describing the
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motion of the centre of mass of the exciton through the crystal. For

unassisted radiative recombination of excitons, the selection rules demand

the final crystal momentum of the system in a direct gap material be that of

the photon. Only excitons with a small overall average crystal momentum

hk will be able to recombine radiatively without the help of a third party to

conserve crystal momentum in the process. Experimental observation

shows that phonon-exciton coupling is weak so that we may not expect

significant help from phonons.

The energy of an exciton at k=0 is the band gap energy minus the

exciton binding energy. Excitons can have higher energies in a continuum

and the increase from the energy at k=0 is the additional kinetic energy of

the exciton b2k2/2(me+mh), where me and mh are the electron and hole

masses. At room temperature there is a thermal distribution of excitons

over the continuum of different energies and crystal momenta, and only

those excitons whose energies are low enough to correspond to a small

crystal momentum hk are able to recombine radiatively. Since only a small

proportion of excitons in the distribution are going to be at low enough

energies, consequently with low enough crystal momentum values, there is

not going to be a significant amount of luminescence due to excitons at

room temperature.

Segall and Marple [37] have estimated the oscillator strength for free

exciton radiative recombination in II-VI compounds from absorption

measurements. They obtained values of the order of Kb3 to 10~4. This

would indicate a radiative lifetime of the order of microseconds. However,
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experimental results for free exciton lifetimes in ZnSe [38] are of the order

of nanoseconds, 't Hooft et al [39] have estimated the oscillator strength of

free excitons in GaAs using the semi-empirical method of Segall and

Marple [37] to be 7 x 10~5 and also reported an experimental lifetime of the

order of nanoseconds which is four or five orders of magnitude lower than

one might expect from the radiative lifetime deduced from the oscillator

strength, 't Hooft et al suggested the oscillator strength had an effective

value of the order of 1, claiming that the oscillator strength should be

measured per excitonic volume instead of per molecule. In this way they

introduce a factor (acx/a)3 that relates the excitonic Bohr radius aex and the

lattice spacing a. To explain an anomaly of four orders of magnitude by

simply renormalising wavefunctions involved in the oscillator strength is

not convincing.

't Hooft et al [39] also measured the lifetimes as functions of

temperature, and reported an increase in the lifetime from 3.3 ns at very

low temperature to almost 11 ns at 10 K. The explanation they offered

depended on the distribution of additional exciton kinetic energies with

temperature, claiming the proportion of the excitons that can recombine

radiatively be those with an energy less than a quantity AE, which in some

way was connected to the width of the exciton line. Integrating the product

of the availability of exciton states in a parabolic exciton band and a

Maxwell-Boltzmann distribution of occupied states over the range of 0 to

AE gives a proportion of excitons with an additional kinetic energy less

than AE. Were it not for acoustic phonons aiding the conservation of crystal

50



momentum in radiative recombination transitions, the probability would in

fact be zero, 't Hooft et al [39] failed to vary AE with temperature as the

range of energy of acoustic phonons that can aid recombination increases

with temperature. Their theoretical explanation cannot successfully

explain their reported observations. The lifetime measured by't Hooft et al

may well be the non-radiative lifetime, when they measured photon decays.

Hangleiter [40,41] has theoretically and experimentally investigated

the possibility of excitonic Auger recombination via deep impurity levels in

semiconductors, where one particle of the free exciton is captured

transferring the energy and residual crystal momentum to the other. He

concludes that his model of recombination is consistently able to explain his

experimental results in Silicon. Hangleiter claims his model can

qualitatively explain a mechanism for energy and crystal momentum

transfer in Hall-Shock ley-Read recombination [ 19,20],

§4.2.2 Donor acceptor recombination

Donor-acceptor recombination between centres that are not deep in

the forbidden gap is also neglected. In chapter 2 we showed that not only do

most electrons become ionised, but also most holes also become ionised.

Even though the acceptor activation energy in ZnSe is several kBT, unlike

the average donor activation energy, the density of states of the valence

band is high on account of the heavy hole band. This means that the ratio of

free holes to bound holes is high in n-type ZnSe at room temperature.
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Hence bound electrons, which are greatly outnumbered by free electrons,

have considerably more free holes to interact with than bound holes. In the

final analysis in this chapter, the wave functions of a shallow donor bound

electron and acceptor bound hole are compared in k-space and the

convolution of the two is found to be weak. These two factors explain why

little luminescence attributable to donor acceptor pair recombination is

observed at room temperature

§4.2.3 Band to band radiative recombination

In chapter 3, we considered band to band radiative recombination,

applying the semi-empirical method used by van Roosbroeck and Shockley

[21] to calculate of the radiative recombination rate and hence lifetime for

excess electrons and holes. For non-degenerate ZnSe, the lifetime appears

to be short, (between 1 x 108/n and 6 x 108/n seconds at 300 K), when

compared to other radiative mechanisms. Milward et al [42] calculate the

radiative recombination lifetime to be 1010/n seconds from van Roosbroeck

and Shockley's theory [21 ] at 300 K. Their method of deducing the

absorption coefficient is unclear so a comparison of lifetimes is difficult to

verify.

Band to band emission is difficult to detect at room temperature due

to the high reabsorption of photons at and above band gap energy. The

emission intensity as a function of energy will be shown with the absorption

coefficient to illustrate this point.
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In the van Roosbroeck and Shockley [21] calculation, the radiative

recombination rate which is equal to the radiative absorption rate at

equilibrium, involved convoluting the absorption spectrum with the black

body radiation spectrum. This in effect produced a spectral distribution of

the emission intensity which had to be integrated over all photon emission

energies to achieve the radiative recombination rate.

The spectral distribution of the emission intensity can be

approximated to a product of the absorption coefficient a (which is

proportional to the probability of absoiption at a particular photon energy)

with e~u ((u=hv/kBT) which was the dominant term of the Planck

distribution) in the relevant photon energy range near the band gap energy.

We apply the approximation we made to the absorption coefficient a

in chapter 3, where we assumed a increases exponentially with photon

energy until band gap energy, a = Aesu below uedge (equation (3.5)) and

then levels off to remain constant, ocmax = Aesucdge above ucdge (equation

(3.6)); and s was estimated to be 2.05±0.05 at 300 K from work done by

Hite et al [32]. The absorption coefficient a as a function of u is included in

figure 4.1.

The product of a with e~L1 results in an emission intensity peak at

band gap energy with an exponential tail on either side that happens to

decay at very similar rates simply because (s-1) is approximately equal to 1.

This means that the emission intensity increases and decreases by an order

of magnitude every 60 meY. Figure 4.1 below shows the calculated

emission intensity against u and compares it with the absorption coefficient.
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Figure 4.1. A relative indication of In a (a is the absorption coefficient)

and the emission intensity as functions of u . ucdgc needs to be greater than 10

for the model to hold so that the Planck distribution function u3e"u becomes

dominated by the exponential (see figure (3.1)). u>10 is equivalent to

having a band gap greater than 10 kBT.

To find the actual amount of emission we can observe, we have to

combine the emission intensity with the probability of a photon escaping the

crystal. A photon that has to travel further than another to escape the crystal

has a smaller probability of escaping, in which case we cannot just multiply

the absorption coefficient with the emission intensity. But we are able to

make a judgement in ZnSe on account of the absorption coefficient near and

above band edge being so high. Consequently the absorption length for

photons above band edge is very short in non-degenerate ZnSe, so that
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almost all emitted photon radiation near and above band edge is reabsorbed.

For luminescence purposes, band to band radiative recombination is

therefore not important in non-degenerate material.

In chapter 3, in the section on the effect of degeneracy and

temperature on the occupation of states in the conduction and valence

bands, we calculated the required carrier concentrations at 300 K in n-type

ZnSe for the spread in k-space of occupied states in the conduction band to

match the spread in both valence bands to encourage band to band radiative

recombination. The resulting carrier concentrations were very high for

ZnSe at room temperature.

In degenerate material the probability of reabsorption of emitted

photons is lower, and it is on this principle that semiconductor lasers

operate. This can be explained by the Moss-Burstein [24,25] shift in the

absorption edge. In n-type material the proportion of states fc in the

conduction band that are filled with electrons at a particular energy Ec is

fc =
1 + exp

ec"ef
kT J

(4.1)

where EF is the Fermi energy.

At an energy level Ea where Ea = EF - 4kBT, the proportion of states filled

with electrons is more than 98%. We can approximate by saying that below

this energy level, there is an insignificant number of states not filled with
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electrons. Photons will therefore not be absorbed for electron transitions

with final states at energies below Ea in the conduction band. Burstein [25]

defines the optical absorption edge E0 as

Eo = Egap + ( 1 + me/mv) ( EF - Eb- 4 kT) , (4.2)

where Eb is the energy level at the bottom of the conduction band and me

and mv are the conduction and valence band effective masses. The Fermi

level is shown as a function of the free carrier concentration in figure (3.2),

from which one can relate the carrier concentration n with the shift in the

absorption edge (Eo - Egap) by substituting into equation (4.2).
Since there are fewer optical transitions of electrons to near the

bottom of the conduction band in degenerate material than in

non-degenerate material, photons emitted in band to band radiative

recombination will not be strongly absorbed. Furthermore, there will be an

insignificant amount of reabsorption at energies below EF-4kBT, assuming

the Fermi energy is at least 4kBT above the bottom of the conduction band.

For luminescence purposes, band to band radiative recombination is

therefore important in degenerate ZnSe at room temperature.

§4.2.4 Shallow donor bound electron to free hole

recombination

In chapter 2 we considered Dumke's [23] model, applying it to ZnSe
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at 300K for carrier concentrations less than 2 x 1017 cm"3. We also

considered the expected decrease in the donor activation energy with

increasing carrier concentration in n-type ZnSe. The radiative lifetime of a

free hole recombining with a bound electron in compensated n-type ZnSe is

expected to be 1028 /n2 seconds. The lifetime is considerably longer than

the band to band radiative lifetime calculated in chapter 3 for carrier

concentrations below 2 x 1017 cm"3. For compensated material where we

defined y, a compensation factor in n-type material as

N - N.
Y = , (2.10)

D

the lifetime is reduced with increasing compensation. However, the model

relating free electron concentration n with with bound electron

concentration nD breaks down before n reaches y times the effective density

of states.

If we had a relative indication of the absorption coefficient at band

gap energy compared to the band gap minus the activation energy for all

carrier concentrations, then we would be in a position to comment on how

well the two mechanisms effectively compete with each other from the

point of view of the observer.

§4.2.5 Radiative deep level recombination

Photoluminescence spectra of ZnSe at room temperature often shows

radiative recombination over a wide range of wavelengths at energies
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considerably below band gap energy. To perform theoretical calculations

on recombination involving a trap deep in the forbidden gap requires

knowledge of the wavefunction and the number of traps involved. It is

especially difficult as there is still uncertainty as to the exact nature and

identity of deep centres in ZnSe.

It is important that deep level luminescence does not dominate near

band edge luminescence at room temperature. Optimum growth conditions

have been sought by trying different zinc and selenide concentrations,

growth temperatures and dopants to achieve minimal deep level

concentrations. It is difficult to dope ZnSe with only shallow impurities in

high concentrations without compensation and stoichiometric disorder

increasing beyond tolerable levels.

Ohkawa et al [43] and Yoshikawa et al [44] have reported blue

emission peak intensities exceeding deep level emission peak intensities in

room temperature photoluminescence experiments for a variety of ZnSe

crystals prepared under different growth conditions. Both [43,44] reported

an increase in blue emission peak intensity with carrier concentrations up to

around 1018 cm 3, with a decrease at higher carrier concentrations. Both

authors also reported deep level emission increasing with increasing carrier

concentration. The overall blue emission intensity may dominate the deep

level emission intensity at very low carrier concentrations, but at higher

carrier concentrations the deep level emission intensity dominates the

photoluminescence spectrum. This is due to the breadth of the deep level

emission spectrum. One important question is whether for laser action,
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where degeneracy is a requisite, can blue emission dominate deep level

emission? Two factors point to the possible future success of blue laser

production. Firstly, under certain conditions deep centre radiative

recombination can be less important in forward biased pn-junction

electroluminescence than in photoluminescence involving high excitation

intensities. A deep centre in the p-region that is within the diffusion length

of the junction that has lost an electron is then able to capture one of the

electrons crossing from the n-region into the p-region. Having done so, the

deep centre can then capture a hole in the p-region where holes are in

abundance, after which an electron can again be captured. Recombination

in this case can then be thought of as being a two step process. If one of the

recombination mechanisms in the two step process has a low recombination

rate then the overall two step recombination rate will also be low. Given

this such deep centre recombination can be less important. Secondly,

growth technology has improved with time and there is little reason to

suppose II-VI material technology cannot improve sufficiently for blue

emission to dominate in degenerate material, thereby significantly

improving conditions for laser action.

§4.2.6 Non-radiative recombination

Calculations for ZnSe based on work done by Beattie and Landsberg

[18] on band to band Auger transitions and work done by Landsberg,

Rhys-Roberts and Lai [45] on shallow impurity to band Auger transitions
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yielded long lifetimes for both transition mechanisms. We therefore ignore

these recombination mechanisms.

We mentioned in the section on excitons that Hangleiter [40,41] has

proposed a model for excitonic Auger recombination via a deep impurity

level, where one particle of the free exciton is captured transferring the

energy and residual crystal momentum to the other. Hangleiter [40,41]

claims his model will account for the energy and crystal momentum

transfer in Hall-Shockley-Read [19,20] recombination.

When the deep level concentration is much less than the free carrier

concentration, the minority carrier lifetime for Hall-Shockley-Read

recombination via a deep level is (a v Nt)_1, where a is the capture

cross-section of the minority carrier, v its thermal velocity and Nt is the

deep level concentration involved. If we take o to be anything from 10~17

cm2 to 10~14cm2, v is almost 107cm s_1 for heavy holes in ZnSe at room

temperature, and say Nt can vary from 1013 cm 3 to 1016 cm-3, we arrive at a

lifetime x of anywhere between lO3 and 109 seconds. Table (4.1) shows

the Hall Shockley-Read [19,20] lifetime for different values of o and Nt.

With improving growth technology, short Hall-Shockley-Read

[19,20] lifetimes can be eliminated by attaining lower concentrations of the

deep centres that have large capture cross-sections. Unfortunately there has

been a correlation between the intentional shallow impurity concentration

and the unintentional deep centre concentration, which is disadvantageous

for lasing purposes where degeneracy is a prerequisite.
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Lifetime

T (S)

Deep level concentration Nt (cm'3)
1013 1014 1015 1016

1017 10-3 10-4 10-5 10-6

Cross-
section

1016 10-4 10-5 10-6 10-7
O (cm2)

10-15 10-5 10-6 10-7 10-8

IO-14 10-6 10-7 10-8 10-9

Table (4.1). The Hall-Shockley-Read [19,20] lifetime of heavy holes for

various cross-sections and deep level concentrations at room temperature in

ZnSe.

$4.3 Conclusion

For possible device applications we compare lifetimes for the

various recombination mechanisms discussed in the chapter. Figure 4.2

shows the lifetimes of band to band radiative recombination, free hole to

bound electron radiative recombination for y = 1 and 0.1 (see equation

(2.10)) as well as a range of Hall-Shockley-Read 119,20] lifetimes in n-type

ZnSe at room temperature.
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The lifetime for band to band radiative recombination is the shortest

of the various recombination mechanisms shown in figure 4.2 for carrier

concentrations above 1017 cm3. As mentioned previously, photons of

energy greater than band gap are strongly reabsorbed. As no one can claim

to detect band to band luminescence in non-degenerate ZnSe at room

temperature, we ignore the process for the time being.

For free hole to bound electron recombination, we can see from

figure 4.2 that it is advantageous to have shallow acceptor compensation in

n-type ZnSe. The model is restricted by carrier concentration and

compensation levels so the lines cannot necessarily be extended beyond the

limits shown on the graph.

II-VI materials with a deep level concentration of 1015 cm-3 are

considered today to be of quite good quality. From table 4.1 we can see for

various cross-sections and deep level concentrations, what the

Hall-Shockley-Read [19,20] lifetime is at room temperature in ZnSe.

Although concentrations as low as 1013 cnr3 are unobtainable in II-VI

materials today, it will not necessarily be irrelevant in the future. For a

deep level concentration of 1015 cm 3, the two horizontal lines on the graph

in figure 4.2 are for a cross-section of 10~16 cm2 and a giant cross-section

of 10"14 cm2 at room temperature. The efficency of a luminescent device

depends upon the ratio of the desired light emission to the undesired

mechanisms of energy dissipation. When the Hall-Shockley-Read [19,20]

lifetime dominates, the viability of a device will depend on the efficiency

which can vary by an order of magnitude when the deep level
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concentration varies by an order of magnitude.

free hole to bound electron y = 1 (a)
free hole to bound electron y = 0.1 (b)

Hall-Shockley-Read (c)

Hall-Shockley-Read (d)

band to band

(e) & (f)
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Figure 4.2 The calculated hole lifetimes in n-type ZnSe at 300 K for: free

hole to bound electron recombination for (a) y=l and (b) y=0.1;

Hall-Shockley-Read [19,20] recombination for Nt=1015cnr3, v=107cms-1,

(c) o=10 16 cm2 and (d) o=1014 cm2; and band to band recombination using

results of (e) Aven et al [33] and (f) Hite et al [32].

Material technology has proved to be very difficult. Experience

from experimental observations has shown there to be a correlation

between the intentional shallow impurity concentration and the

unintentional deep level concentration in II-VI materials. To ensure

satisfactory conditions for blue luminescence it is vital to control the deep

level concentration, especially those deep levels with giant cross-sections. It
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is useful to define at least two growth parameters: one parameter for the

intentional shallow impurity concentration and another for the

concentration of deep levels with a giant cross-section. When crystal

growers are able to keep the two parameters independent of each other

during doping and growth of ZnSe, efficient blue emission will be possible

in ZnSe.

In GaAs the problems have been easier to overcome and hence

optical devices are readily available. Firstly from the calculation employed

by Dumke [23] the free carrier to bound carrier lifetime is about an order

of magnitude shorter in GaAs than in ZnSe at room temperature. Secondly,

the concentration of deep levels with giant cross-sections is easier to control

during growth and doping, in other words the two growth parameters

defined above can be kept independent of each other to a tolerable degree.

This is mainly due to two reasons. Firstly there is more experience with the

preparation of group III-V materials than there is with II-VI materials and

secondly experimentation has often shown there to be more problems with

stoichiometry with wider band gap materials.

Returning to figure 4.2 and band to band radiative recombination,

we can see that at higher carrier concentrations the lifetime of carriers is

very short for band to band radiative recombination. For pn-junction laser

action, we know there has to be a sufficient Moss-Burstein [24,25] shift in

the optical absorption edge to deter reabsorption of photons just above band

gap energy. To satisfy this criteria very high intentional shallow doping

concentrations are necessary in the n-region, where it will prove difficult
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for the two growth parameters defined above to be kept independent. The

technology for p-type material is still at the early stages of development and

is still improving, p-type material needs to be grown reproducibly with

ease and without high concentrations of deep levels with high capture

cross-sections.

As mentioned before in the radiative two step recombination process,

if one of the recombination mechanisms involving a deep level has a low

recombination rate, then the overall recombination rate involving that

recombination mechanism will also be small. This can render such deep

centre recombination less important than other recombination processes.

Hence luminescence efficiency in devices will depend on the smaller of the

two cross-sections of deep levels involved in the two step recombination

process.

Given these facts, band to band recombination is a promising

mechanism for blue emission in degenerate ZnSe. When the intentional

impurity concentrations and unintentional deep level concentrations are

successfully kept independent of each other in both n- and p-type material,

pn-junction laser action is at least theoretically possible.

Appendix 4

In this chapter we have compared results for various calculations, but

besides the numerical results it is interesting to compare the transition

mechanisms from a conceptual point of view in k-space. We know that it is
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useful when applying perturbation theory to compare the transition

mechanisms by viewing the problem in k-space. We can see what desirable

and undesirable conditions in a wide direct gap semiconductor produce

favourable and unfavourable transitions. In the purely theoretical lifetime

calculations, it is necessary to find the density of occupied initial and final

states in k-space. Perturbation theory yields the crystal momentum

conservation condition and describes the change in crystal momentum of

charge carriers going from the initial to the final state. If we then compare

the occupation densities for the initial and final states taking into

consideration the change in crystal momentum of a carrier going from the

initial to final state, the product of these population densities at each

increment of k in k-space will yield a spectral distribution that indicates the

ability of carriers in initial states with various crystal momenta bk, to find

suitable available final states.

The density of occupied states in a band is the convolution of the

carrier distribution function and the density of states function in a band.

In the conduction band for instance, the density of states g(k) in the

range Ikl to Ikl+ldkl is

2

g(k) dk = -*§- dk (4.3)
7T

If we say fc is the fraction of occupied states at an energy Ecb above

the bottom of the conduction band, then in the case of non-degeneracy we

can approximate by saying
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fc " exp{-Ecb/kBT) . (4.4)

Therefore the convolution of the density of states function in the

conduction band with the probability of occupation, results in the density

of occupied conduction band states N(kcb) in terms of lkcbl. Leaving out

multiplication constants dependent on temperature and effective mass we

can say

if we assume the band to be parabolic and isotropic.

For valence bands the expression is easily changed by exchanging

relevant suffices, and taking into account that there is a ratio of holes in the

heavy hole band to the light hole band equal to (mhh/mlh)3/2.

The density of occupied states can be presented graphically as a

function of Ikl for each band to compare their spreads in k-space. Figure

(4.3) includes the densities of occupied states for the conduction, heavy

hole and light hole bands divided by the number of excess carriers in each

band, for ZnSe at 300 K. To gain an idea of the horizontal scale for Ikl, the

peaks for the densities of occupied states in each band peak at the Ikl value

that is representative of the energy kBT from the extremum in the

respective band.

(4.5)
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For carriers bound to impurities, we assumed the ground state

hydrogenic wave function used by Dumke [23], which in k-space was

described in equation (2.3) to be

Rtr1/2
u/ = ^(2.3)

d/^+ kb2
In this way, we are able to compare the density of states of the

impurity bound carriers as functions of Ikl. The density of states in the

increment Ikl to Ik + dkl is 47tk2 F(k)2 dk, where F(k) is the

three-dimensional Fourier coefficient of the impurity wave function.

Figure (4.3) also includes the density of states of hydrogenic wave

functions for a donor bound electron with a 25 meV activation energy and

an acceptor bound hole with a 100 meV activation energy, in ZnSe against

Ikl. A carrier bound to a very deep trap, is likely to have a very large

spread in k-space. We have assumed the wavefunctions to have a constant

angular part. In practice we cannot expect this to be the case, and any

angular variation will distort the impurity functions presented. However,

we can approximate by assuming the product of the angular and radial part

as a function of Ikl is almost proportional to just the radial part in terms of

the scalar Ikl. The wavefunctions presented have been normalised to the

same volume to indicate relative scales involved.

For degenerate n-type ZnSe at 300 K, the Fermi level was calculated

as a function of free electron concentration in equations (3.13 and 3.14)

and was shown graphically in figure (3.3). The Fermi energy EF above the
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bottom of the conduction band Ec can be expressed in terms of kF in the

band:
2 2
h k

VEc=l^f •

Hence the free electron concentration n can be expressed in terms of

lkFl. This is also included in figure (4.3).

From the graphs in figure (4.3) it is easy to see for each

recombination process how significant the product of the density of initial

and final states over a range in k-space actually is. (If there is a significant

change in crystal momentum for a carrier in the transition, then one must

take this into consideration as well.) The correlation between the

conduction band and the light hole band is excellent due to identical

effective masses being applied to both bands. However there are about 30

times as many holes in the heavy hole band as there are in the light hole

band, and the graph of the density of occupied states for the two valence

bands carries this information by scaling down the functions for the

valence bands.

From figure (4.3) we can see that a deep trap that can capture holes,

which also has a large spread in k-space, will offer plenty of scope for

transitions with holes either in the valence band or bound to hydrogen-like

acceptors. This agrees with the short lifetimes predicted in non-radiative

Hall-Shockley-Read recombination as well as the bright intensity of deep

level luminescence often observed in ZnSe at room temperature.
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Figure 4.3 The density of occupied states in n-type ZnSe at 300K is shown as a

function of k for: (a) the conduction band, (b) the light and heavy hole valence bands; and
for a hydrogenic wave function for (c) a donor with ED=25meV and an acceptor with

EA=100meV. (d) The free electron concentration n required for the Fermi level to be in
the conduction band with the energy corresponding to the wave vector kF is also shown.
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Both radiative and non-radiative transitions of this kind are undesirable.

By looking at the spread of holes in the two valence bands in figure

(4.3), one can see that the free electron concentration n, required for the

Fermi level to be high enough in the conduction band for the free electrons

to have matching wave vector k, needs to be very high for ideal conditions

for band to band radiative recombination.

71



Chapter 5. Purely electronic impact ionization of

impurities.

§5.1 Introduction

Little is known on the theoretical side of impact ionization of

impurities in semiconductors [45,46,47,48], whereas more is known about

band to band impact ionization [49,50,51,18].

Impact processes involving impurities in semiconductors may be

important for device applications for electroluminescence and when two

step impact ionization occurs. Inelastic collision processes include impact

ionization across the band gap, impurity ionization and impurity excitation.

These are shown in figure (5.1) below.

Figure 5.1. Electrons can change energy states in a semiconductor after

inelastic collisions resulting in either (a) band to band impact ionization, (b)

impurity ionization or (c) impurity excitation of electrons.
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When hot electrons are not energetic enough to impact ionize

electrons across the band gap in one step, it is possible to do so by two stage

impact ionization [27] involving impurities with energy levels in the

forbidden gap. An example of such a two stage process involves an

impurity bound electron being impact ionized (into the conduction band) by

an energetic (hot) electron, subsequently the vacancy on the impurity can

then be filled by an electron from the valence band through an inelastic

collision process. Repetition of the two stages means that electrons are able

to find their way from the valence band to the conduction band. Two stage

impact ionization may either be desirable in the case of electroluminescence

or undesirable in other device applications where it is important to control

the current.

For luminescence purposes there has been work on alkaline [52,53]

and alkaline-earth [54,55,56] sulphides. For alkaline-earth sulphides such as

CaS, SrS and BaS that are doped with rare earths, impact ionization is

important; and for an alkaline sulphide such as ZnS doped with Mn, impact

excitation is important.

To apply theory for practical purposes we need to know the

cross-section for the various impact processes for different materials with

different impurities to gauge which processes might be useful for device

applications. It is also desirable to be able to understand more about the

dynamics of carriers in semiconductors.

Both Robbins and Landsberg [48] as well as Baltenkov and
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Belorusets [47] have calculated impact ionization cross-sections for specific

impurities in the semiconductor. Robbins and Landsberg [48] used both

hydrogenic wave functions and the Lucovsky function [57] for a 8-type

potential to describe the impurity bound electron. Baltenkov and Belomsets

also used the Lucovsky function for a 5-type potential. As we know little

about the form of deep impurity bound carrier wavefunctions, it has not

been possible to find the cross-section theoretically for deep levels in

general. In this chapter we concentrate on finding the impact ionization

cross-section of impurities in a direct gap semiconductor that apply more

generally to deep levels than previous models. Allen [28] has suggested that

the calculation can be performed semi-empirically by measuring the

photoionization cross-section of an impurity in the semiconductor to

determine properties of the impurity function. The two ionization

processes are analogous and application of the Fermi Golden Rule to both

processes will enable an end result for the impact ionization cross-section of

the impurity.

The principles for the calculation presented in this chapter have

already been applied to the impact excitation cross-section calculation by

Allen [29]. In this chapter we outline the impact excitation model in brief as

it is instructive for the development of the impact ionization model. Using

'Dirac's Fermi Golden Rule' the impact ionization cross-section of an

impurity in a semiconductor medium is then expressed in terms of the

square of the matrix element linking initial and final states. Two methods of

evaluating the matrix element are considered. One is the theoretical one of
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Robbins and Landsberg [48] and the other is a semi-empirical one. We

outline the Robbins and Landsberg [48] calculation to form the basis for

understanding the semi-empirical model. To demonstrate the procedure we

evaluate the matrix element for the impact ionization of a hydrogen atom in

free space using the theoretical method, and hence the cross-section. The

model is then extended to the semiconductor medium. Having outlined the

Robbins and Landsberg [48] calculation we procede with the semi-emprical

one.

The semi-empirical method is employed to evaluate the matrix

element in free space and hence the cross-section. In the semi-empirical

model the photoionization cross-section of the hydrogen atom is applied to

the impact ionization cross-section calculation as the same bound electron

wave function is employed for both the impact and photoionization

cross-section calculations. We then extend the semi-empirical model for

calculating the impact ionization cross-section of a deep impurity in a

semiconductor medium.

§5.2 Purely electronic impact excitation

Impact excitation of impurities in semiconductors is a large and

important field in both theoretical and experimental research. In this

chapter we go back to the simple approach of a complex subject. The work

of Bom [10,11] and Bethe [14] on impact excitation and ionization of atoms
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in free space using perturbation theory has been the basis for much

theoretical work on inelastic scattering.

For purely electronic impact excitation (ie. without phonon

assistance) we consider two particles. Initially there is one incident hot

(energetic) electron and one bound electron in its ground state. The two

electrons interact and should inelastic scattering take place, the hot electron

can end up in a lower energy state and the bound electron can go to a bound

excited state.

The Born approximation is used to describe the incident and

scattered electron states. It is assumed that the incident and scattered

electron wave functions themselves are not affected by the Coulomb

potential arising from the presence of the scattering centre allowing the

approximation of an unperturbed free electron function. In this case the

free electron function is described by a plane wave function of the form

eik-r in free space and by a Bloch function in the solid. The Born

approximation is equivalent to Dirac's Fermi Golden Rule (No. 2) in

perturbation theory, in which the matrix element links states in the

unperturbed system. If we assume a hot electron can impact excite an

electron, then from the Golden Rule, the transition probability Tif that one

such electron collision occurs in time t is:

T.t = 2jc l- l<i 1HIf) I 2 8(Ef-E.) . (5.1)

The Dirac bracket is the matrix element linking initial and final states
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for both electrons. Using plane wave functions ellV and elkf r for the free

electron states, the direct matrix element (ignoring the exchange process)

reduces to

~ [ ^f- ¥g ( rb ) exp{i(K.rb)} % ( rb ) drb , (5.2)* K

where K is the difference in the wave vector of the initial and final states of

the free electron; and \j/ and \j/e are the ground state and excited state wave

functions for the bound electron and rb its position vector.

Bethe approximates the matrix element in equation (5.2) by

expanding the exponential and discarding terms with a negligible

contribution to the matrix element:

(K.r )2
exp{i(K.rb)} = 1 + iK.rb - —^— + °3 • (5-3)

Substituting the expansion in equation (5.3) into equation (5.2): the first

term on the right hand side gives a zero contribution since the wave

functions are orthogonal. The second term contributes when one considers

a Is to 2p (allowed) transition and the third term contributes for a Is to 2s

(forbidden) transition. Ignoring transitions forbidden by parity and higher

order terms that have a negligible contribution, means that the direct

matrix element linking initial and final states for the transition can be

reduced to being proportional to the electric dipole matrix element

l<\j/glrbi\j/e> I. This gives rise to the possibility of relating impact
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cross-sections to optical transition probabilities.

The approximations of Born [10,11] and Bethe [14] can also be

extended to the theoretical treatment in the semiconductor medium. This

requires taking into account: the band structure for the dynamics of the free

carriers, the dielectric constant and sometimes screening for the Coulomb

interaction and Bloch functions for the periodicity of the semiconductor

lattice.

For a calculation to be successful, the matrix element should be

indicative of the properties of deep levels in semiconductors, and should

ensure the selection rules have been adhered to. Terms in equation (5.3)

can either become important or vanish by parity, depending on the final

excited state.

Born [11] pointed out the connection between the transition

probability of inelastic collisions in his model and the electric dipole matrix

element in the Einstein B coefficient for induced emission. Seaton [58,59]

and Saraph [60] calculated the impact excitation cross-section of a hydrogen

atom in free space in terms of an oscillator strength. Allen [29] has extended

the principle to an impurity in a semiconductor by relating the dipole

radiation lifetime, which is proportional to the inverse square of the

electric dipole matrix element, to the matrix element for impact excitation

in a semiconductor medium. The impact excitation cross-section can then

be related to the experimental dipole radiation lifetime of the impurity in

question.

Having briefly explained how the impact excitation cross-section can
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be deduced both theoretically and semi-empirically we will consider the

problem for impact ionization. The principle of the calculation is very

similar, except that the final state of the electron that is initially bound is a

free state. This means that the final states can have a variety of energies as

opposed to a specific energy in the impact excitation calculation, for the

only restriction on energy is the conservation of total energy of the system.

The impact ionization cross-section calculation will then require a further

integration over final states as neither the final energy of the incoming

electron nor that of the ionised electron is fixed.

§5.3 Purely electronic impact ionization of an impurity

bound electron in a semiconductor medium

In this section we will consider a purely theoretical model used by

Robbins and Landsberg [48] as it is instructive and enables an understanding

of the semi-empirical method of Allen [28], which is also presented here.

Both models are also the basis for the next chapter which deals with phonon

assisted impact ionization. Using 'Dirac's Fermi Golden Rule', the

cross-section is first expressed as a function of the matrix element. Before

the cross-section is calculated semi-empirically, it is useful to consider the

Robbins and Landsberg calculation to understand the extension of the

model from the hydrogen atom in free space to the specific bound electron

wave function in the semiconductor medium. For the semi-emprical
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calculation, the method is first presented for a spherically symmetrical

bound electron function in free space and is then extended to the

semiconductor medium.

§5.3.1 Application of the Golden Rule

As the aim of this chapter is to present a satisfactory way of finding

the cross-section in a semiconductor medium, we start by applying the

Golden Rule in a semiconductor medium.

The first particle: the incident carrier (hot electron 2) is free and in

its upper state 2'; and the second one is in a bound state 1' initially. After an

inelastic collision, the hot electron in state 2' can drop to a lower free state 2

and the bound electron in state 1' can be ionized and so become a free

electron in state 1. The matrix element in perturbation theory will link the

initial and final states of the electrons. The interaction term in the

Hamiltonian represents the Coulomb interaction between electrons 1 and 2

only.

If we assume a hot electron in state 2' can impact ionize an electron in

state 1', then from Dirac's Fermi Golden Rule, the transition probability

Tif that one such electron collision occurs in time t is:

Tif = 2* Ki'Hlf)!2 , (5.4)

where the final and initial energies are Ef and E; and the Dirac bracket

houses the matrix element linking final and initial states of the two
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electrons.

The probability P per scattering centre that one incident particle will

make an inelastic collision (that ionizes electron 1) in unit time, is:

fjP = f I 6^2 Tif dSj dS2 , (5.5)

where and 02 are the probabilities of a vacancy for states 1 and 2. In

free space and in a non-degenerate medium they can usually be taken as 1.

The integrations are carried out over all possible states in the energy range

under consideration, so we integrate over the crystal momentum vectors

kj and k2, where ( V/87T3) is the density of states in k-space.

p= —

V

87l3

2

1 i I H I f}!2 5(E]+E2-E2,-Er)dk1dk2. (5.6)

We define the energies in the 5-function as

2

E, +E2 - E2, - Er = ( k, + k2 - k, + ac2 ) (5.7)

where m* is the effective mass of the free electron and a is defined by

2 2
h ac
~z—= Binding energy of the electron (5.8)z m

ac is the calculated equivalent inverse Bohr radius for the bound electron

were it to have the effective mass of a freed electron. The actual inverse
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Bohr radius aa of the bound electron will not necessarily be the same as ac

in a semiconductor medium. This is why we make the differentiation

already.

The probability per scattering centre that one incident particle per

unit volume will make an inelastic collision with one bound electron per

volume V, in unit time is v oT/ V, where v is the incident electron velocity

and oT the total cross-section.

In an electric field we can say the electrons all move with different

velocities but for one particular electron with velocity v, from an ensemble

of electrons, gx will be

°T
VPm

hk„,
(5.9)

so that

~ 2ttV
°T= —

V

871"

2m* irr IJ'tik 11 l(ilHlf)l"5(k|+ g- g,+ aj) dkj dk, • (5.10)

The matrix element in equation (5.10) will first be evaluated for a

bound electron function in free space. The matrix element can be easily

modified later for the solid.
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§5.3.2 The Matrix element in free space

The square of the matrix element is made up of a contribution from

the direct and exchange processes. Only the direct process is considered in

this calculation and the matrix element for it is:

M
D
= fV|/*(ri>(r2) —f— y^t)\|/2,(r2) dr, dr9. (5.11)J 12

In the Born approximation we can assume the free electrons are

plane waves:

W(r2) = v~1/2 exp{i(k2,.r2)} (5.12)

\|/2(r2)= V"1/2 exp{i(k2.r2)} .
(5.13)

\|/j ( rT) is the ejected electron wave function.

\j/r ( r, ) is the bound electron wave function.

We can then write

MD=v"j jexP(»(k2.-k2).r2) e". dr \ji* (r1) \j/r (r}) drl .(5.14)

Using Bethe's fomiula [14] we reduce the expression to

M = 47te_2 [ exp [i( K.r )} y*() t]/,, ( r ) dr
VK2 J lii
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The change in wave vector is K= k2, - k2 . (5.16)

Following the Born approximation by assuming the ejected electron does

not interact with the rest of the system and so takes the plane wave form that

electron 2 takes:

The integral in equation (5.18) is (2jc)3/2 times the Fourier Transform of

Vj/jXiq) for a particular wave vector (K-k,). If we call F(K-kj) the

Fourier Transform of \|/r(r1), then

The direct matrix element in equation (5.19) can be evaluated in two

ways - a purely theoretical one and a semi-empirical one. The first way is to

substitute a specific form of the wave function for which we use a Fourier

coefficient to find the matrix element, and then make the threshold

approximation for the integration over final states. (The threshold

approximation assumes the final states of the electrons have small wave

vector values kj and k2, hence small kinetic energies). The second method

is to evaluate the matrix element semi-empirically by measuring the

Vi(ri)= v"1/2 exp{i(ki .r] )} , (5.17)

so that

2

md= F(K"M (2t)3'2- (5.19)
V K
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photoionization cross-section of a relevant atom and this will be dealt with

after the theoretical method. The free space models presented next are

modified to the semiconductor medium and this follows afterwards.

§5.3.3 Purely theoretical approach

§5.3.3.1 The cross-section for specific bound electron

functions in free space

The matrix element in equation (5.19) is evaluated theoretically for a

hydrogen atom and a Lucovsky (57J function (for a 8-type potential) for a

bound electron function in free space and hence the cross-section is found.

We consider Fourier coefficients for two bound electron functions in free

space. This step is not necessary in free space as only one coefficient is

necessary but it will be useful for the extension into the semiconductor

medium where the expansion is required, when we have to consider all

neighbouring lattice sites.

One form of the Fourier Coefficient G A k- ki is for a hydrogen

wavefunction of the form exp {-otar} and another form of the Fourier

coefficient considered by Robbins and Landsberg [48], is G B k- ki which is

for a wavefunction of the form (1/r) exp {-aar}. The Fourier coefficients

G are the coefficients in the Fourier transform F(K-k1) in equation (5.19) .

The angular parts of the wavefunctions are equal to 1, as both have

been taken to be spherically symmetrical (Is state). We then say that
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and

G
B

K- k, (5.21)

,,1/2 3/2V aJ 1 +
K-kj
a7

The direct matrix element is expressible as

and an expression for the cross-section involves substituting equation (5.22)

into (5.10).

gT= T7T V } 1 GK-k, r 8( kJ+-14 + «*c2) dk, dk2. (5.23)n f4 k2. j k 1

By assuming that k, and k2 are very small near threshold, the terms

making up the matrix element itself can be removed from within the double

integral by assuming the matrix element is constant over the relevant ranges

for kj and k2. Equation (5.23) can then be approximated as
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gT= -™ I G I2 J 5(k' + k22-k'. + ac2)dk1dk2, (5.24)
ti h k2, j^4 i

K4 can be approximated to be ac4 for small klrk2.

The double integration over kl and k2 of the delta function with the

constant matrix element (see Appendix A) comes out as

The total cross-section can finally be expressed in a useful form when we

substitute either Fourier coefficient used by Robbins and Landsberg

(equation (5.20) or (5.21)) with equation (5.25) into equation (5.24),

depending on which spherically symmetrical wavefunction is more relevant.

For the exp {-aar} form of G A k- ki

(k2, - a2)2 . (5.25)

(5.26)

where ET is the threshold ionization energy

E (5.27)T 2 m*

For the (1/r) exp {-ocar} form of G B k- ki
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(E >12'

(cl ^ '
b

_ k e4 —^
t 2 kaaj ( ->e rf <?■ i

t a.)< C_ >
a.. + 1

l v a/ j

Full use has been made of the threshold approximation to produce the

reduction in equations (5.26 & 5.28).

t (5.28)

§5.3.3.2 The cross-section for specific impurity bound

electron functions in the semiconductor medium

The calculation for the free space model can be modified to represent

the semiconductor medium where free electrons move in the conduction

band structure of the host material. Such a modification results in the

Robbins and Landsberg [48] model. Here we carry out the calculation with

two specific wave functions for the bound electron.

Band wavefunctions, for which Bloch functions are appropriate,

describe conduction band electrons. The bound electron is described by a

superposition of Bloch functions. The screening of potentials may also be

taken into consideration for high carrier concentrations. Long range

Coulomb potentials are also reduced by the dielectric constant for the

dielectric medium in question. Free carriers take up their effective masses

in the band structure, which is assumed to be parabolic and isotropic.

Equation (5.10) can be extended to the semiconductor medium by
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adapting the effective masses of the electrons and the matrix element, since

it is only the initial and final states as well as the potential that need

adjusting.

The wavefunctions for electron 2 in its initial and final states

(incident and scattered) are

V|/2, (r2) = u (k2. ,r2)exp{i(k2,. r?)}=V"1/2^}\ (k2, ,L2. ) exp{ik2.. r2) exp{iL2..r2}
L2'

(5.29)

for the incident electron; and

\j/2 (r2) = u (k2 ,r9)exp{i(k2.r2)} =V"1/2^/i (k2 ,L2 )exp{ik2.r2) exp{iL S2}
L2 2

(5.30)

for the scattered electron. The Bloch functions on the left hand sides have

been expanded as Fourier series on the right hand sides. L is the reciprocal

lattice site vector. We need not yet expand the wavefunctions for electron 1

(the bound and the ejected states) to reach an expression similar to that in

equation (5.19) for the free space model.

The Coulomb interaction term, which includes the dielectric constant

£r as well as an inverse screening radius X (which can be taken as zero if the

carrier concentration is small enough), is

e2 exp(-\r )
H = ;—p52-■ (5.31)crystal £ | r I
medium *Z

This makes the matrix element for a direct transition
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Md =YJJXA (k2"L2') A(k2'L2^ zMi(K-K+K-L2U2}Vv(ri:L2sL2

2

eXP{Ar'2' erl r - r, I Vr>> dr, dr2 ' (5.32)

Since the individual products A(kj,Lj) are independent of r] and r2,

we can assume the A(k,,Lp act as multiplication constants and are

therefore separable from the integral.

If we let K = k2. - k2 + Lr - L9 and r = - r2 , (5.33)

then

1% = X A(k2.,L2.) A*(k2,L2) J[Jexp{i K.fr+r^} 5MM d3r ]
r L

2L2'

\|/r (r,) (r,) dr, . (5.34)

From Bethe's formula [14], it reduces to just one integral

Mr. = ttt X A(k2„L2,) A(k2,L2) J exp{i K.r,)}ve 1 1 1 1 J 1 «I* T,zVtr L2L2, X + K

\|/r (r,) \|/* (r,) dr, , (5-35)
for which

vj/1(r1) = u (kj ,r,)exp{i(k1.r,)} = v~1/2XA (ki 'L,) exp{ikj.r,} exp{iLr r,}.
Li

(5.36)

Now assume that the A (k^Lj) terms can be removed from within
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the integral as before, then

Md= ^ X A(k2,L2.) A(k,,L2) AfL^r,)
V £' L2L2'

v"2 J"exp{i(K-k]-L,).r])} M*].(•",) d r.

2 2
X + K~

(5.37)

The integral in equation (5.37) is (2tz)3/2 times the Fourier Transform of

H/j.Crj) for a particular wave vector K-kj-L,, which from the convolution

theorem is

X B(K-k,,L1) G (5 38)
I 1

where B (K-kpLj) is a lattice periodic function and G K-iq-Li is the

Fourier coefficient of the radial part of the bound electron function.

When Robbins and Landsberg [48] use Fourier coefficients in place

of the Fourier Transform it is assumed the medium under consideration is

finite, thereby wave vectors are quantized with a summation of coefficients

instead of integrating over the wave vector in the limit where the wave

vector is continuous. The calculation is completed by assuming kj and k2

are very small near threshold.

It is safe to ignore reciprocal lattice site vectors L, from the Fourier

coefficient of the bound electron function for the 1 s state, as their effect is

neglible, thereby reducing G K-ki-Li to G K-iq. For excited states it may
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not necessarily be possible, for it is the magnitude of the Fourier

Transform of the wave function at wave vector displacements of integer

reciprocal lattice site vectors, which will determine whether or not the

reciprocal lattice site vectors Lj may be ignored. The angular part has

been taken as 1 here, as both wave functions are spherically symmetrical.

Md= —2 £A(k2.,L2.) A*(k ,L ) A(k L() B(K-k Lr) G
V£, l2L2. X2+k2

LlLr (5.39)

If as in the free space example Gic-ki takes the same values GAK-iq

and GBK-kj, which are applicable in this instance (but with different actual

inverse effective Bohr radii), we can write down the total cross sections

gta and otb. For the bound electron function of the form exp{-aar}:
2

C^ =
8 n e

f A3
ac

e2 E,
ol ,

V a/

f
<(

2

I tJ
-1

{^22' Qif) ' (5.40)
t ( A2

a»iL v V
+ 1

assuming there is no screening from other electrons so that X=0 and where

that {Q22' Qj i•}2 is the square of the overlap functions from the

wavefunctions of both electrons.

2

(Q22,Q,1') =
X A(k,„Lr) A(k2,L2) A(k,,r,) B*(K-k,,L,.)

L2L2'
L1L1'

V V
. (5.41)
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For the bound electron function of the form (1/r) exp{-aar}:

jB
T

7t e

2c2
£r

ac

r E ^
Z2L

Et,v 2 y

/(V
a.

V <v
+ 1

(Q22'QU'1. (5.42)

To account for the electron exchange process along with the direct

process. Robbins and Landsberg [48] claim that one multiplies the square of

the direct process by four to get the square of the total matrix element that

accounts for both processes. Therefore they are implying that the exchange

term should give a similar contribution along with the direct term. By

ignoring reciprocal lattice site vectors, hence Umklapp processes, one is

dismissing larger displacements in reciprocal space that represent the

contribution from smaller displacements in real space and the procedure

may therefore underestimate the matrix element since exchange processes

are more likely to take place at shorter rather than longer charge

separations in real space. For fast electron collisions it may be possible to

ignore exchange processes but in the threshold approximation it would not

be prudent.
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§5.3.4 Semi-empirical approach

In the two previous subsections (§5.3.4.1&2) the calculated

cross-sections are only valid for particular bound electron functions. The

results of Robbins and Landsberg [48J are not necessarily generally

applicable to deep levels in the semiconductor medium. In the

semi-empirical approach suggested by Allen [28], the impact ionization

cross-section can be calculated for any bound single electron wave function

that is spherically symmetrical. The method is applied in free space and is

subsequently applied to the semiconductor medium.

§5.3.4.1 The cross-section for an atom in free space

The matrix element in equation (5.19), which is proportional to the

Fourier Transform of the bound electron state, can also be determined

semi-empirically. For photoionization of a single electron atom in free

space, the matrix element linking final states with initial states of the bound

electron is also proportional to the Fourier Transform of the bound state

(see Appendix B), when the bound state wave function is spherically

symmetrical. Subsequently the total photoionization cross-section is

proportional to the square of the Fourier Transform, which we call IF(k)!2.

The total photoionization cross-section a(hv) is [28]:

a(hv) = 16^2 rc2 e2m; , F(k) f £3/^ (5 43)
3 vcb
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where v is the frequency of the photon flux, c the speed of light and E the

kinetic energy of the ionized electron. The total cross-section is equal to the

electron emission rate divided by the incident photon flux and are both

deducible experimentally. For our purposes we write

F(k) |2 = —rfrW® 0(hv) ■ <5-44>
16 Jlit e" m E

We have to substitute the correct value for the Fourier transform

FOK-kjl) that corresponds to bound electron impact ionization process.

One measures the photoionization cross-section for the bound electron at

the photon energy that corresponds to the bound electron being ejected and

ending up with a wave vector IK-k,l. This photon energy is the

photoionization threshold energy plus the energy that corresponds with the

free electron having wave vector IK-kjl, which in effect is twice the

photoionization threshold energy. It is at this photon energy 2hvth that we

attain F(IK-kjl). Figure 5.2 below, shows the corresponding energy

required for an ionized electron whose final state has a wave vector of

magnitude IK-kjl.

Substituting F(IK-k11) into the matrix element in equation (5.19),

which is substituted into equation (5.10), gives the cross-section in equation

(5.45).
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°T
2tc
h

V

87:V'"1 /

2m*m*

h2 tsk2.
V j(2n)

3 16 7i2e4 2 1i_p_7te_ |F(K.ki)| —4
V"

8(k^+ k2- k2,+ ac) dk] dk9

K

(5.45)

Following the threshold approximation, keeping k} and k2 small such that

the matrix element in equation (5.45) is removable from within the

integrals, we can write down the cross-section in terms of the Fourier

conduction band

ET—hvth

T

Energy

ET-hvth

k=0 k—>

Figure 5.2 The photoionization energy required for an ionized electron to

have a wave vector of magnitude IK-k, I in its final state is twice the

threshold energy, ie. 2hvth.

transform:

^7t3cx3 e4^ f eA )T

°T e2
<

et
- 1

V T / s. ( T)
- 1M F(K-k.) I . (5.46)
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Again we have neglected the electron exchange process in which the final

state in equation (5.11) is \|q (r2) \|/2 (rj).

§5.3.4.2 The cross-section for an impurity in the

semiconductor medium

The extension for the semi-empirical free space model near

threshold to the semiconductor is quite similar to the extension made for the

purely theoretical model that applied to specific wavefunctions, and

therefore quite straightforward. The matrix element takes into account the

band structure for a free electron, hence effective mass, relative dielectric

constant and screening. The calculation is limited however to specific

conditions. We have assumed that the conduction band be parabolic and

isotropic, the bound electron function be spherically symmetrical and that

the medium be non-degenerate so that there is an availability of vacant

states in the conduction band. It is however necessary to examine the matrix

element used in the expression for the photoionization cross-section, as the

wavefunctions will involve Bloch functions. Consider the matrix element in

equation (B5) and expand on the operator acting on the final state I

(equation (B4)).

As in appendix B which applied to the semi-empirical method for the

hydrogen atom in free space, we take the z-direction to be the polarization

direction
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71. VI f> = d/dz lf> , (5.47)

where in this case

|f>= V"1/2 Uf(kf,r) exp{ ikfr } . (5.48)

Expanding the Bloch function, with Kv as a reciprocal lattice site vector

uf(kf ,r) = CR exp{iKv.r} . (5.49)

-1/2
7t . V I f > = d/dz ( V u (k ,r) exp{ik .r} ) (5.50)

-1/2
= V

/
,v

^ Ck exp{iKv.r} (ikz) exp{ikf.r} + £ Ck exp{iKy.r}
lv v f J V h

(iK^) exp{ikf.r} (5.51)

where kz is the z-component of the reciprocal space vector kf (see

appendix B); and K are the z-components of the reciprocal lattice site

vectors Kv.

k . V lf> = V-1/2I exp{iKv.r} (ikz + iKvz) exp{ikf.r} (5.52)

= V 1/2 uf ( kf, r ) exp{ ikf.r} (ikz + i^Kvz) (5.53)

= (ikz + iXKvZ) lf>- <5-54)
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If we ignore Umklapp processes, equation (5.54) reduces itself to

7i. V I f !> = ikz I f> , (5.55)

so that

"C i I 7i.V I f > = V 1/2 ikz J \j/. (r) uf(kf,r) expfik^r} d3r (5.56)

-1/2 f 3
= V ikz J u.(k.,r) uf(kf,r) (j).(r) exp{ikf.r) d r (5.57)

where c{)i(r) is the radial and spatial part of the wavefunction for the initial

state i. If we say the product of the Bloch functions with the rest of the

integral does not vary much on average over the limits dictated by the

threshold approximation which restricts the range of final energy states, we

can approximate by removing the Bloch functions from within the main

integral and treating the integral of the Bloch functions alone as

independent.

< i 17C.V I f> = V 1/_ Q.f J* cj). (r) exp{ikf.r} d"V , (5.59)

Letting

(5.58)

we can then write down the Dirac bracket to be

99



which is (2k)3/2 times the Fourier Transform of the radial and spatial part

of the function (]>.(r).

If we let

Fsc(k) = (2tc) 3/2 Q.f J(j) .(r) exp {ik^r} , (5.60)
then not only is the Fourier transform of the radial part of the bound

electron function taken care of, but the overlap function of the initial and

final states of electron 1 are also taken care of.

We express I F (k) I2 as

1 F-(k> |2 = 3g °<hv) • (5-61>l&[2n e m 7 E

where m* is the conduction band mass. As in the semi-empirical approach

to the free space model we want the photoionization cross-section for

double the photoionization threshold energy 2hvth that gives a final wave

vector of magnitude IK-kJ for the ejected electron, which will give us

FscdK-kJ).

The total impact ionization cross-section as a function of

F.cOK-kjl) 2 is

f 3 4^\' 7C e '

°T 82rE2
V r T)

oc:

fE ^
E

v Ty
- l FJIK-I^I) [Q2,2] , (5.62)
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where Q2.2 is the overlap function for the initial and final states of electron

2. Again exchange processes have been ignored.

£5*4 Results

§5.4.1 Purely theoretical approach in free space with

specific wave functions

For the specific wave functions in free space of the form exp{-aar}

and (1/r) exp {-ocar}, the impact ionization cross-sections in equations (5.23

& 5.24) can be expressed as (assuming a = ac = l/a0 as for the hydrogen

atom)

for the (1/r) exp {-aar} form of G bk- ki , where a0 is the Bohr radius. E2.

is the incident electron energy and ET is the trap depth. Equations (5.63 &

(5.63)

for the exp {-aar} form of G AK-ki ; and

2

(5.64)
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5.64) only hold for E2. > Ej. (ie. above threshold energy). Table 5.1

contains the contribution from the energy bracket in equation (5.63 & 5.64)

as a function of E2,/ET to assess the ratio of the impact ionization

cross-section to 7ta02. Figure 5.3 shows GTA/7ca02 and aTB/7ta02 as

functions of the incident energy E2./ET, for the applicable range in the

threshold approximation. The results are compared with the calculated

values of Massey and Mohr [61] and the observed values of Tate and Smith.

Massey and Mohr [61] suggest that super elastic collisions may also

take place, where after an inelastic collision near threshold, the system can

return to its original state by way of a reverse transition. If one considers

the two electrons to be near the atom and with very little crystal

momentum, it is not inconceivable that an Auger process might take place.

At energies well above that of the threshold ionization energy, the

results were much greater than the observed and calculated values reported

by Tate and Smith [62] and Massey and Mohr [61]. But at such energies the

threshold approximation is not expected to hold true.Robbins and

Landsberg [48] point out that a lack of orthogonality between the initial and

final states will lead to a value that is too great for the matrix element and

hence the cross section. However despite the reservations, the calculated

cross-sections are within a factor of two of the observed values [62] shown

in figure 5.3 and are reasonable in the range of the threshold

approximation.
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Incident energy / Binding energy , E 2,/ ET

Figure 5.3 The total cross-sections ota,b for the hydogen atom(A) in free

space and an atom with a bound electron function that is the Lucovsky [57]

function(B) for a 8-type potential are compared with experimental values of

Tate and Smith [62] and calculated values of Massey and Mohr [61].

§5.4.2 Purely theoretical approach in the semiconductor

medium with specific wave functions

In a wide gap material it is difficult to test the theory. Since the

motive behind the work is for a two step process in a II-VI (wide gap)

material, the relevant centre would be a deep one. In ZnSe it would

probably be the "so called" M-centre for the energy level(s) that lie(s) about
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0.6 to 0.7 eV above the top of the valence band. Although the theory cannot

claim to generally describe a deep level in the semiconductor medium, it is

nevertheless interesting to test it. It is necessary to consider the

cross-section for both steps in the two step process, as it is the least

improbable of the two processes that will determine the success rate of two

stage impact ionisation as a means of producing electrons and holes for

subsequent recombination.

We calculate the cross-section using formulae deduced for the two

specific wave functions for the impurity bound electron taking a trap depth

of 2.0 eV in ZnSe. The bound carrier function is s-like and the effective

dielectric constant is about 9 and that the square of the overlap functions

from the wavefunctions of both electrons {Q22, Qir}2 = 10 2 [63]. In the

threshold approximation act oca and in this case E2. needs to be less than 1.3

x Et to prevent band to band impact ionization and hence avalanche

breakdown. If we take E2, = 1.2 x ET, then ota= 4 x 10~20 cm2 and oTB - 2

x 10~20 cm2.

For the hole cross-section assume ET is 0.7 eV (2.7 eV - 2.0 eV) and

ac = aa. The hole impact ionization cross-section for the hydrogen-like

function at E2.=1.4 eV, works out to be about ota = 8x 1018 cm2. Using the

Lucovsky [57] function for a 8-type potential (from equation (5.42)), the

cross-section works out to be about gtb = 4 x 10~18 cm2.

It would have been proper to estimate the hole cross-section with E2,
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being 2.4 eV (as above for ET=2.0 eV), where the threshold approximation

is no longer accurate. Figure 5.3 demonstrates the disparity between the

threshold approximation and experimental results [62] quoted by Massey

and Mohr [61] for E2./ET> 2. Robbins and Landsberg [48] also recognised

the difference between the theoretical estimate with these wave functions

and the observed values at high energy and point to the lack of

orthogonality between initial and final states in the theoretical approach to

the matrix element.

One might try to extend the hydrogenic model for deeper levels by

altering the radius of the bound electron. If one deems this to be acceptable,

then the ratio of occ to aa, which appears in equations (5.40 & 5.42) should

accommodate for this.

Changing the ratio to: oca= 4ac, reduces the calculated cross-sections

to ota = 2 x lO18 cm2 and otb = 2 x 1019 cm2. Figure 5.4 shows the

cross-sections (in arbitrary units) from equations (5.40 &5.42) where the

ratio of (oca/occ) varies. For deeper s-like levels one would expect the ratio

to be less than one and tending to one as the level nears the conduction band.
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10 7.7 x 10-5 9.8 x 10-2

8 2.3 x 10^ 0.12

5 2.2 x 10"3 0.19

4 6.3 x 10-3 0.22

3 2.2 x 10-2 0.27

2 0.10 0.32

1.5 0.24 0.32

1 5.0 0.25

0.8 0.57 0.19

0.6 0.505 0.12

0.5 0.41 8.0 x 10-2

0.4 0.28 4.7 x 10-2

0.3 0.15 2.3 x lO"2

0.25 0.10 1.4 x 10-2

Table 5.1. Expressions involving calculated inverse Bohr radius ac which
is related to the trap depth Ej in equation (5.8) and the parameter aa that are
relevant to equations (5.40 & 5.42) are presented for various values of

ac/at.
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Figure 5.4 The effect of (ac/aa) on the cross-sections gta.b.

§5.4.3 Semi-empirical approach in free space

Substituting the semi-empirical value for F(K-kj) given in equation

(5.44) into equation (5.46) yields:

371 e2 ^2'" ^2'"
QT = ~8~ \ £5/2 ^3/2 o(hu). (5.65)

A,c (= h/mc = 2.4 x 10"12m) is the Compton electron wavelength. a(hv) in

equation (5.65) above is for approximately double threshold energy (ie.

2Et). Table 5.2 includes the contribution from the energy fraction in
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equation (5.65&5.66) as a function of E2,/Ep to assess the ratio of the impact

ionization cross-section to photoionization cross-section when the other

terms are fixed.

f(-c } ~) 2 2 2J 2' CE2 - Et^E2' -
E2' ' ET I E_ " 1 | 5/2 3/2^ V J j ^ t

1.0 0 0

1.1 1.0 x 10"2 1.8 x 10"2 /Ej.

1.2 4.0 x 10-2 6.7 x 10-2/Ep
1.3 9.0 x 10-2 1.4 x 101 /Ep

1.4 1.6 x 101 2.3 x 101 / Ep

1.5 2.5 x 101 3.4 x 101 / Ep

1.6 3.6 x 101 4.6 x 101 / Ep

1.7 4.9 x 101 6.0 x lO VEp
1.8 6.4 x 101 7.4 xlO-1 /ET
1.9 8.1 x 101 9.0 x 101 / Ep

2.0 1 1.06/Ep

Table 5.2. Expressions involving the incident electron energy E2. and the

trap depth ET that are relevant to equations (5.63 - 5.66) are presented for

various values of E2,/Ep.
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Relevant to equations (5.65 & 5.66)

Incident energy / Binding energy , E / E t

Figure 5.5 The energy function shown in table 5.2 relevant to equations

(5.65 & 5.66) relating the impact ionization cross-section to the

photoionization cross-section, as a function of incident energy to binding

energy E2, / ET.

§5.4.4 Semi-empirical approach in the semiconductor

medium

The cross-section in the semiconductor medium is deduced by

substituting a value for the Fourier Transform using equation (5.61) into

equation (5.62). This provides the impact ionization cross-section oT for an

impurity in terms of the photoionization cross-section o(hv):
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3n e2 m* ^2" ^2'" 2
°T = T r e^i 2' » (5-66)

E,. E2,

Xc (= h/mc = 2.4 x 10~12m) is the Compton electron wavelength. For

a trap depth comparable to that of the so called "M-centre" in ZnSe, as in

the purely theoretical calculation that used specific wave functions, it is

possible to calculate the hole impact ionization cross-section and not the

electron impact ionization cross-section, as double threshold energy is

greater than band gap energy.

To calculate the impact ionization cross-section semi-empirically for

a deep level in ZnSe, we use the same conditions as for the theoretical

approach except that the overlap function from the wavefunction of

electron 2 is estimated as {Q22.}2 = 101. For E2, = 2 x ET = 1.4 eV, (m*/m)

= 0.14 and er = 9, the semi-empirically derived value of the cross-section

gt is approximately 0.2 times the photoionization cross-section at double

the threshold energy ap°(2hvth). We define op° and on° as the deep

impurity photoionization cross-section for holes and electrons respectively.

Grimmeiss, Ovren, Ludwig and Mach [64] have measured the optical

cross-section in undoped and copper doped ZnSe for the level(s) in

question and ascertain that Gp° = 1016 cm2 is almost constant for a range of

energies from 0.8 eV to 1.6 eV. Substituting a figure of an°(2hvth) = 1016

cm2 for the photoionization cross-section, yields an impact ionization
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cross-section of gt = 2.0 x 1017 cm2 at E2, = 1.4 eV. This figure for oT is

similar to that calculated with specific hydrogenic wave function, for which

oat at the same energy is 8.0 x 1018cm2.

Zheng, Allen, Yates and Williams [65] have ascertained

experimentally that more than one trap is responsible for the

photoionization spectra obtained by Grimmeiss et al [64].

§5*5. Conclusion

Let us consider a deep centre with the impurity bound electron being

in the d-shell (eg Co or Mn) in ZnSe for example. The bound electron

wavefunction in the host lattice can be charaterised in two parts. Firstly the

d-type function is very localised (say within an Angstrom) and secondly the

less localised tail is made up of envelope functions due to the presence of the

interaction with the lattice. In free space such an (impurity) atom would

only have the very localised d-type function with an exponentially decaying

tail. In the lattice (ZnSe for example) the very localised part may dominate

in terms of the probability of finding the bound electron to be highly

localised, but not necessarily in terms of the probability of ionization taking

place. This is confirmed by the fact that ionization in free space is less

probable than in the lattice. In other words a deep impurity electron in the

d-shell may be generally very localised, yet the main contribution to
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ionization probability comes from the less localised tail that is made up of

envelope functions that are due to the interaction with the host lattice.

Generally, many deep impurity wave functions have an atomic part that is

localised and less localised tails that contribute most significantly to the

impact ionization probability as was described above for d-type functions.

The calculations for s-type bound wavefunctions in this chapter are a fair

representation of the contributions from the tails of wave functions of

deeply bound carriers. This is backed up by the calculated results for the

cross-section of a deep centre about 0.7 eV above the top of the valence

band in ZnSe. The semi-empirically deduced impact ionization

cross-section using experimental values of Grimmeiss et al [64] were in

reasonable agreement with those calculated with specific s-type wave

functions. For a collision involving a hot hole, the change in wave vector

IKI for the (hot) incident hole is about 5 x 109 m1, the inverse of which is

about 2 A. For a collision involving a hot electron in the conduction band

the inverse of the change in wave vector is about 6A. If the ejected electron

is to finish near the bottom of the conduction band, the inverse of the

change in wave vector is indicative of the effective Bohr radius of the

bound electron. For collisions with either hot electrons or hot holes, the

effective Bohr radii of the bound electrons are greater than the 1A limit in

which the deep impurity function is atomic. Therefore the bound electron

effective Bohr radius is equivalent to being in the tail region of a deep

impurity wave function.

We can compress the s-type specific wave function so as to make it
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atomistic within a lA radius, by altering the parameter aa, which

determines the localisation of the wave function (see equations

(5.20,5.21,5.40&5.42)). Making aa= 4occ (where ac is calculated from the

binding energy in equation (5.8)) is equivalent to requiring the bound

electron to be 0.5A from its centre in the case of a collision with a hot hole

and 1.5A from its centre when the collision is with a hot electron. Fixing

the parameter aa in this way produces a calculated cross-section for the

hydrogenic wave function that is 10 times smaller than the semi-empirically

derived value referred to above, and one that is 100 times smaller for the

Lucovsky [57] S-type function. These results indicate that highly localised

bound electrons have a much smaller contribution to impact ionization

cross-sections than less localised bound electrons.

Appendix 5A

The integral of the 5-function over the wave vectors dkj and dk2 in

equation (5.21), which Robbins and Landsberg [48] were faced with, can

be completed thus [28] :

IA= J | dki dk2 S(ki+ k2 " k2-+ a?) • (5.A1)

We know that
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dk1=47ckjdk1 5 (5.A2)

and if we let

= x and k2 - k2, + oc^ = "a > (5.A3)

then

IA = J dk2 J 471 kj dk1 8(x-a) . (5.A4)

Since

271 kn dk. = dx and k = x1/2 (5.A5)11 1 ' '

then

IA = J dk2 J 47i^x1/2 5(x-a) . (5.A6)

But since

J f(x) 5(x-x0)dx = f(xQ) , (5.A7)

then

IA = 2kJdk2 J Xw 5(x-a) dx = J dk2 a"2 (5.A8)
k02 max

= 8^ J k2 (k2 - a2 - k2 )W dk2 . (5.A9)
0

The condition for k2max is kj = 0, so that k22max = k2,2 - occ2 (5.A10).

Letting

fe2 = 4 - ac - 4™ . <5-A11>

Jx2(b2-x2)1,2dx = -|-(b2-x)3/2 + fe-{ x(b2-x2)I/2 + b2an-'^ ) l„. (5.A12)
b

Applying limits and substituting:
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rA= Y (4- «c2)2. (5.A13)

Appendix 5B

The Fourier transform of the bound electron state can be deduced

from a semi-empirical photoionization cross-section calculation for a single

electron atom in free space.

From the Fermi Golden Rule, the transition probability per unit time

is [281:

W =
2tc

(
Ao e2

h 2 2
m c

4

< i I rt.p I f> I p (E,dQ) (5.B1)

where the electromagnetic wave has amplitude of vector potential Ao. n is

a unit vector in the polarization direction and E is the energy of the freed

electron and d£2 is an element of solid angle. If we take v to be the

frequency of the incident radiation, the photon flux is

O =

2K A0v
h c

(5.B2)

So that the differential scattering cross-section in dQ is

c(hv,d£2) =
W
O

2n

m2v c

2 | |
I < i I TC.p I f > I p(E,dQ) . (5.B3)

Taking the final state as a plane wave and the z-direction as the
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polarization direction of the electromagnetic wave, so that tc.V = d/dz

(B4), then

i I Tt.p I f> = i kz J \\f. (r) exp {ik.r} d3r , (5.B5)

so that

^ ^ 2 2
a(hv,dQ) = 1671 e ^ k | F(k) |2 p(E,dQ) cos20 , (5.B6)

m v c

where 0 is the angle between k and z. If we consider an s-state with

spherical symmetry in both r and k space, then

q(hv) = 167t4e2"K2k2 | F(k) I2 p (E) , (5.B7)
3 m v c

which reduces to

#

O(hv) = 1^27iVm ' , F(k) |2 e3/2 ^ (5>B8)
3 m2vc"K3

where E is the kinetic energy of the freed electron.
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Chanter 6. Phonon assisted impact ionization of bound charge

carriers

MJ Introduction

As in the previous chapter, we investigate the impact ionization of

bound electrons as a possible mechanism for providing electrons and

holes for electroluminescence in semiconductors. We aim to improve on

the previous study by taking into consideration the effect of phonons in

the direct gap semiconductor when we calculate the transition probability

for impact ionization and hence the total impact ionization cross-section

of bound electrons by hot electrons. (The model is applicable to holes by

altering parameters that relate to electrons.)

If during a transition a phonon is absorbed or emitted, and

contributes to the overall conservation of energy and momentum of the

transition, then the transition is said to be phonon assisted. One that does

not involve phonons is referred to as a purely electronic one.

As an example one of these combinations is considered and

demonstrated schematically in figure 6.1 below. One electron is initially

in a bound state 1" and another electron is free in its upper state 2". We

assume a phonon can be emitted or absorbed when one of the electrons

interacts with a phonon and that an inelastic collision takes place. The free

electron ends up in lower state 2 at the bottom of the conduction band,

whilst the bound electron ends up in free state 1 at the bottom of the
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conduction band

T1 Energy

Figure 6.1. A phonon is emitted or absorbed during the inelastic

collision taking the bound electron in state 1" to state 1 via a virtual state,

whilst the hot electron in state 2" falls into state 2.

For purely electronic impact ionization of bound electrons, the

cross-section was dependent on the square of the magnitude of the

Fourier transform of the bound electron's radial function (see equations

(5.37 & 5.58)) for a specific value of the wave vector k. A phonon

assisted process can however reduce the value of the overall change in the

wave vector k for the ionized electron and therefore can contribute to the

overall probability of impact ionization taking place.

For phonon assisted impact ionization the transition probability can

conduction band (see Figure 6.1 below).
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be deduced from second order perturbation theory, as the electron being

ionized undergoes a transition via an intermediate state to finish up near

the bottom of the conduction band in the threshold approximation. As

before two methods will be used to calculate the total cross-section.

We first try a purely theoretical approach using specific wave

functions to describe the bound electron. Robbins and Landsberg [48]

have calculated the purely electronic impurity impact ionization

cross-section for a specific bound electron function, which was

considered in the previous chapter. Eagles [66] has calculated the

(acoustic) phonon assisted band to band Auger recombination lifetime and

band to band impact ionization cross-section. The purely theoretical

calculation presented here is new, and differs from that of Robbins and

Landsberg [48], with the inclusion of phonon assistance. It also differs

from that of Eagles [66], with the initial state of the electron being

ionized and differs from the type of phonon considered in the interaction.

We then employ a semi-empirical method to deduce a simple and

accurate way of finding the phonon assisted impact ionization

cross-section. Allen [29] has calculated the purely electronic impact

excitation cross-section of a bound electron semi-empirically and has

suggested [28] the impact ionization cross-section of a bound electron

could similarly be calculated semi-empirically for both the purely

electronic and phonon assisted processes.

As in the previous chapter on purely electronic impact ionization,

we will consider two particles, but with one extra state, namely the
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intermediate state. There are several combinations of events that can take

electrons from the initial states to the final states and these are considered

in §6.3.

S6.2 Transition Probability

In this calculation we will assume a parabolic band structure and

we will ignore spin, hence exchange mechanisms.

If we assume a hot electron in state 2" can impact ionize an electron

in state 1" with the help of a phonon, the transition probability Tjf that

one such phonon assisted electron collision occurs in time t can be

calculated using second order perturbation theory. The theory requires an

overall matrix element for the whole process which we define in equation

(6.2), that represents the two step process as two individual interactions.

The transition probability Tif can be written as
2

T.f= 2^1 l<Mx>l 8(Ef-E.) ,h
(6.1)

where the final and initial energies are Ef and Ej and the Dirac bracket

houses the overall matrix element M£ (defined in equation (6.2)),

linking final and initial states of the two electrons.

2_ IVL =

M. M
IV vf

E- E.
V 1

I
C

(i|H|v)(v|H|f)
E -E.

V 1

(6.2)

The first matrix element on the right hand side links the initial states i

with the intermediate states v and the second matrix element on the right
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hand side links the intermediate states v with the final states f. The

perturbation H' linking these unperturbed states is due to the Coulomb

interaction between electrons 1 and 2 and an electron-phonon interaction,

depending on which electron is taken to interact with a phonon. The

summation over c represents the various combinations of transitions

possible.

The probability Pif per scattering centre that one incident particle

will make an inelastic collision that ionizes the bound electron with a

phonon being emitted or absorbed in unit time is:

where 0j and 02 are the probabilities of a vacancy for states 1 and 2 and

the integration is over all states. In free space and in a non-degenerate

medium they can usually be taken as 1. The integrations are carried out

over all possible states in the energy range under consideration, so we

integrate over the crystal momentum vectors kj and k2, that relate to

final states 1 and 2.

We define the energies in the 5-function as

(6.3)

(6.4)

where ac is defined by
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2 2
g = Binding Energy of the electron ; (6.5)

2m*

and where m* is the free electron effective mass.

The probability per scattering centre that one incident particle per

unit volume will make an inelastic collision with a bound electron in

volume V, in unit time is (vaT/V), where v is the incident electron

velocity and oT the total cross-section.

The electrons all move with different velocities but for one

particular electron with velocity v, from an ensemble of electrons, aT

will be

= 2tc Vm* P {6 6)T hk„.,

Therefore

27tV fvl
2

2m* m* ) f

h ooa I B J k ^ ^2" J }' ( Mj;) I2 S(kJ+ kj- ky + a2)dkjdk2, (6.7)

where (V/87t3) is the density of states in k-space. Equation (6.7) reduces

to

af= vV2 f|(M£)|28(k^^-k2? + <^) dkj dk2. (6.8)
16 7t h k2„ J

In the threshold approximation as in the previous chapter, we assume the

matrix element is approximately constant over the effective limits of the

integration, so that the matrix element can be removed from within the

double integral in equation (6.8). To make this assumption, the initial
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state of the bound electron function is constrained in k-space to have a

negligible value for k>0.

In the previous chapter it was shown that in the threshold

approximation [28]

The next step is to evaluate the square of the overall matrix element.

&L2 The matrix element

The square of the overall matrix element is made up of the

contribution from the electron-electron interaction and the

electron-phonon interaction, as shown in equation (6.2). Ignoring spin,

the overall probability of phonon assisted impact ionization is made up of

eight combinations of the matrix elements for the electron-electron

interaction and the electron-phonon interaction. This is because the events

can happen in either order and that a phonon can be emitted or absorbed

by either electron. The combinations are shown below in Dirac notation

in equation (6.10). Although it is physically unrealistic to assume an

order of events or an intermediate state existing, it is convenient to list

the hypothetical possibilities for the purposes of the second order

UsdcJ + kj-k^+'aJ) dk,dk2 = ^ (kj! -c£)\ (6.9)

We can then express oT as

'2'

(6.10)
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perturbation approximation. For one electron, 1" is taken to be the initial

bound state, 1' is for an intermediate state (if required) and 1 is for the

final free state. For another electron, 2" is for the upper free state, 2' is

for the intermediate state (if required) and 2 is for the final free state. A

different symbol is used for one electron only for the intermediate state

for each combination, since the other electron has not changed state. nq is
an initial state of the lattice that represents the number of phonons with

wave number q. For the final state the number of phonons is nq±lq

depending on whether a phonon is absorbed or emitted. For the

intermediate state it can be either nq or nq±lq, depending on whether or
not the first part of the transition involves phonon emission or

absorption.

(l".2",nq Hee+H, l,2',nq) (l,2!nq "ee+Hep 1-2-nq±1q)
E2„- E2'

(l".2",nq "ee+Hep l'.2".n,±l<)(''.2>4±lq Hee+Hep 1,2,1^+1^
Er- Er

(lV",nq Hee+Hep 1,2, riq^ ^1,2, nq Hee+Hq.1 1.2,^11^
Er" Er

(l",2".nq He+Hep|l",2,,nq+ll)(l",2'jiq+lq Hee+H^l I2v±l)
E2"~ E2'
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We shall label the four addition terms on the right hand side of the

equation as A, B, C and D respectively. All of the A, B, C and D represent

two combinations as a phonon is either absorbed or emitted. Because of the

large energy denominator (Ev-Ej) that occurs in equation (6.10) for the

overall matrix element, it may be possible to ignore the contributions

from A and D, depending on the band structure. A table of intermediate

state energies is presented in appendix 6A along with the denominator

energies for equation (6.10) for all the processes A, B, C and D - for

phonon emission and absorption.

§6.3.1 Evaluation of the matrix element in terms of the

bound electron function

Only B, C and D are considered in this chapter, because the

contribution from A is taken as improbable because of the high energy

denominator. To evaluate B, C and D, only one of the perturbations need

be considered in each individual matrix element that makes up the two

stage transition. This is because only one of the Hcc and Hcp will give a

non-zero contribution in each case. Hence B for example can be reduced to
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where t\coL is the LO-phonon energy and E^ is the threshold energy of the

purely electronic impact ionization process, which is the trap depth. For D

the numbers for the states of electrons 1 and 2 in equation (6.11) are

simply interchanged. However the energy denominator for D is (Ehb - 2Elh

±tv(0L), where Ehb is the difference in energy between the energy level of a

band above or below the conduction or valence bands and the impurity

energy level. ( Ehb is only applicable when intermediate states are in bands

above the conduction band or bands below the valence band). The

contribution from C involves an inelastic collision followed by a transition

for electron 1 where a phonon is either absorbed or emitted. The energy

denominator in this case is Elh, which is less than those for A, B and D,

making it the most important of all in this particular model (see appendix

6A).

In this section we evaluate the matrix element for B explicitly for

two different specific bound electron functions for state 1". These are the

hydrogen-like function and the Lucovsky [57] function for a S-type

potential. Both functions can be expressed as superpositions of Bloch

functions and are taken to be highly localised in k-space to simplify the

calculation. Bloch functions are used to describe the conduction band

states. Aside from the energy denominators the contribution from the

product of the Dirac brackets in the matrix elements for B, C and D are

the same when the matrix element has been reduced following

integration. Hence for the sake of simplicity we only treat B in detail.
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For the hot incident electron 2 in its initial state,

\)fT (r2) =u (k2-,r2) exp{i(k2,.r2)} = V"1/2ZA (kr,L2„)exp{ik2...r2} exp{iL2-. r2);
h"

(6.12)

and for the same electron in its final state,

i|/2(r2) = u (k2,r2) exp{i(k2.r2)} = V"1/2XA (k2,L2)exp{ik2.r2) exp{iL2.r2).
l2

(6.13)

\\f.„ ( r, ) is the bound electron wave function and can be written later. In

perturbation theory, the intermediate state of electron 1 takes the Bloch

form.

Vr(r,) = u (k,.,r1)exp(i(kI..r|)] =V"1/2X A Otr-Li^exPtiki'-ri) expfiL,'.^}
L'

(6.14)

The final state of electron 1 is

tlh (rj)= u (k,,r )exp{i(kj .r )) =V~1/2XA exp{ikx.rx} exp{iLj.r }
Ll

(6.15)
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We consider the interaction between longitudinal optical (LO)

phonons and electrons in the semiconductor medium. For semiconductors

made up of basis atoms of unequal charge, the strongest coupling between

electrons and phonons involves LO-phonons and is due to the polarisation

of optical vibrations of the basis atoms.

The perturbation operator for an electron-phonon interaction

involving the emission or absorption of a LO-phonon of energy bcoL and

wave vector kq was given by Frohlich [67] and is stated below in equation

(6.16) [68]. With this perturbation operator, two interactions are possible

- one involving an annihilation operator aQ in which a phonon with wave

vector kq is annihilated (ie. absorbed) and the other with a creation

operator a+q in which a phonon of wave vector -kq is created (ie. emitted)

where Vg is the average volume occupied by each basis atom and eL0 is

related to the dynamic e(°°) and static e(o) relative dielectric constants by

[69].

1 1 1
(6.17)^ e (°°) £ (o)
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The perturbation for the electron-electron interaction is

e exp{-X r - r
1 2

eflrrr2
(6.18)

X is defined as the inverse screening radius and is zero if screening is to

be ignored. er is the relative effective dielectric constant.

We will proceed by evaluating the product of the two Dirac

brackets from the contribution B to the overall matrix element:
>, 1/2

2i27t e J\(0T
\0V:

■ £ J_ [aqexp{ikq.r1) + a+qexp(-ikq.r1)
q qJ £A*(krLr) i

Lr

exp {i(-kr- L1,).r1} V V d V"1 J Jexp{i(k2„- k + L2„- L2).r2}
X"1 e2 i

L A(k^„L,..) A*(k„,L„) 777777 exp (-X|rf r2l) dl-2
c

A(k2„,L2„) A (k2,L2) |r-r2|p
2" 2

Vr (**!) Vi (rj) dfj (6.19)

We can assume the A(kj,Lj) act as multiplication constants and are

therefore separable from the integrals in equation (6.19). This is because

the individual products of A(kj,Lj) in both matrix elements are

independent of rx and r2.

If we let K = kr - k2 + Lr - L2 and r = - r2 (6.20)

and reduce the bulk of equation (6.19) by letting
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(6.21)

v2^ (K2 + X2)
and

Y = v ► ; (6.22)

then using Bethe's formula [14] and substituting for Vj/jfTj) and

equation (6.19) reduces to

The A(kj,Lj) terms have been changed to Aj in equation (6.23). The
summation over q in the first integral can be removed from within the

integral since the terms with suffices q (namely the creation (phonon

emission) and annihilation (phonon absorption) operators a+q and aq as

well as kq the magnitude of the phonon wave vector) are independent of

rr The first integral can then form into a sum of integrals multiplied by

+ a+qexp{i(-kq- kj.-Lj,).^} J (rj) d

f exp{i(K + k1,-k1+Lr-L1).r1} dr{ . (6.23)
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aq/kq or a+q/kq. These integrals are (27t)3/2V1/2 times the Fourier

Transform of \j/r,(r1) for particular wave vectors. For those integrals

multiplied by aq/kq (representing phonon annihilation), the integrals are

proportional to the Fourier Transform of \|/1„(r1) for wave vectors

(kq-kj.-Lj.); and for those integrals multiplied by a+q/kq(representing

phonon creation), the integrals are proportional to the Fourier Transform

of for wave vectors (-k -kr-Lr).

The second integral in equation (6.23) is only non-zero when

K + kj, -k^+Lj, - Lj = 0. (6.24)

From the condition in equation (6.24), we can then call F(±kq+k1-K+L1)

the Fourier Transforms of \|/r(r1) for those particular wave vectors,

then equation (6.23) becomes

iXY^A* Aj.A* Aj.A* (2jiV) ' £
L1'L2"L2 q

Y F (kq+kj-K+Lj)
L,JL

111 +

F (-kq+kj-K+Lj) (6.25)

Using the same technique used in the previous chapter for the

bound electron function, we can express (2k)3/2 times the Fourier

Transform for particular wave vectors (hk^kj-K +Lj) using the
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X B(±kq-K + k1,L1„) G±k±k„-K + k, +L, * (6.26)

where B (±kq+krK,Lr) is a lattice periodic function and G+kq+kl_K+Ll
is the Fourier coefficient of the radial part of the bound electron

function.

We can discriminate between phonon absorption and emission by

separating the two contributions from the annihilation and creation

operators in equation (6.25). We will ignore lattice site vectors Lj from
the Fourier coefficient of the bound electron function for the s state as

their effect is negligible, hence we ignore Umklapp processes. If we

assume the threshold approximation so that kj and k2 are small and if we

constrict the bound electron function to having a non-zero value at k=0

only, then we are restricting the range of values of kq to -(K-kj) for

phonon absorption and +(K-kj) for phonon emission.

Hence for phonon absorption the contribution to B (defined in

equation (6.11)) in terms of the Fourier Transform is

2

B
absorption

i <2E,h-*«L)2

The contribution to B for phonon emission in terms of the Fourier

Transform is
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B . . = (2ltV)3 (XY)2
emission

* * *

ZjA1,A2"A2 Al'A1
L1'L2-L2
L.L1

{FC-VK + k,)}'
kq(2EA-fi®L)2

. (6.28)

Hence Bab„rplion and Bemislio„ are equal. To evaluate Babsorplion purely

theoretically by substituting for specific wave functions for the bound

electron function, we can express Babsorption as

B
absorption

= v3 (XY)

* *

AJ ,A2„ A2 AJ,
L1iL2"L2
L1L1L1 A*Br

G,
VK+ki

ka (2E,th hcoL)

. (6-29)

The contribution to the overall matrix element from the product of

the two Dirac brackets of D, where it is electron 2 that interacts with the

phonon, is deduced in the same way to be

iXY^ A*,ArA* A A/ c^V2 I
L2'L1"L1
L.L.2 2

]T F(kq+k2-K+L2)

(6.30)

With the same conditions imposed on the bound electron function,

D^ion and ^emission wil1 be equal, and we can write DabsoIplion as
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D = V3 (XY)'
absorption

I^A2„A; A2,

l22L22LL;.. 4 B,»

2 2

GkqK+ki
. (6-31)

^(V2V^l)2
In the approximation Dabsorption and Demission are equal and if the overlap
functions in equations (6.28 & 6.31) are equal then the products of the

Dirac brackets for DJbsorpllon , Demi!sion B,bsorptioI1 and Bemlssion are all

equal. Only the energy denominator differs. Similarly the product of the

Dirac brakets for Cabsorption and Cemission are also equal to those of B and

D. Since Babsorptjon , Bemjssjon , Cabsorptjon , CemjSSjon , Dabsorptjon and Demjssjon
are all mutually exclusive events, the square of the overall matrix element

Mz is the sum of all the contributions. If we assume Eth»1icoL then the

contribution from C is double that of B. Hence, if we ignore the

contribution from A, the overall matrix element can be expressed as a

product of Babsorption (for instance) and a term Sd, summing the inverse

squares of the energy denominators (see appendix 6A).

§6.3.2 Specific bound electron functions

The Fourier coefficients for the specific bound electron functions

that are used in this calculation are the same as those used in the previous

chapter for calculating the purely electronic impact ionization

cross-section (and by Robbins and Landsberg [48]). Since the wave
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function is to be highly localised in k-space, the parameter aa in

equations (6.32 & 6.33) can be varied as in the previous chapter, and is

limited in this approximation to smaller values. For the hydrogen-like

function of the form exp{-aar}, the Fourier coefficient GAkq+ki-K is

G 23 K1'2
kq-K+k,

(6.32)

V1/2af\d 1 +
\-K+k^
V

a„
y

For the Lucovsky function [57] for a 8-type potential of the form (1/r)

exp{-aar}, the Fourier coefficient GBkq+ki-K is

rkq-K+k! (6.33)

/VK+ki>
v

a„
/

§6.4 Cross-section for specific bound electron functions

From equations (6.8, 6.21, 6.22 & 6.31) we can express the phonon

assisted impact ionization cross-section for a specific bound electron

function in terms of the Fourier coefficients GABkq+ki-K to be
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a
AB
TPA

_ |Q2,t21Q2,2Q1„1
2 2 2 21

2 V7C e m* (k2„ - ac)
G

AB

kqK+kl 6 C0T

£r ^LO ^ ^2" (^ + A, )
. (6.34)

The superscripts A and B label the two specific bound electron wave functions

employed in this calculation. The subscripts PA refer to phonon assisted. The

square of the overlap function {C^Q^Qn}2 *s defined as

{Q2"2'Q2-2 QI-I> L2"L2
L2'L2

-

L1..L1

X A(kr,Lr)A*(k2.,L2.)A(k2,,L2.) A*(k2,L2)
A*(kj L1)B(K-k1,L1„) J

. (6.35)

Inserting the Fourier coefficient GAkq+ki-K for the hydrogenic form of

the specific bound electron function into equation (6.34) yields

5/2 2

^ 16bcoL 712 e%a (E2„-Et)TPA_V^d E^E^{Ea+(E2„-ET)}

Ea is related to the parameter aa by

4^2"2' ^2'2 ^1"1 ^ \
a

(6.36)

Ea =

2 2
hota
2m* (6.37)
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For the Lucovsky [57] function for the 5-type potential of the form (1/r)

exp{-aar}, for which the Fourier coefficient GBkq+ki-K is defined in

equation (6.33), the phonon assisted impact ionization cross-section obtpa

is

&L5 Semi-empirical method of deducing the cross-section

In this section we will relate the phonon assisted impact ionization

cross-section of an impurity with the phonon assisted photoionization

cross-section of an impurity, which can hopefully be measured. Although

photoionization cross-sections themselves are often easily measured,

above threshold it is difficult to differentiate between not only phonon

assisted and purely electronic photoionization of an impurity, but also

between the contributions from different centres themselves when more

than one is present for the range of energies under experimental

observation. This problem will be considered in the concluding section.

We adopt a new system of labelling. Let oP^1 be the purely

electronic photoionization cross-section for an impurity in a direct gap

semiconductor. Let gp6" be the purely electronic impact ionization

1/2 2

(6.38)
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cross-section. Let gP3?1 be the phonon assisted photoionization

cross-section. Finally, let GPaii be the phonon assisted impact ionization

cross-section.

For purely electronic processes in the previous chapter, oPeu was

expressed in terms of aPePJ in the semi-empirical calculation. The

photoionization cross-section gP^1 and the impact ionization cross-section

oPeii in threshold approximation, were in both cases proportional to the

square of the matrix elements linking initial and final states for each

transition mechanism. This was because the matrix element for impact

ionization in the threshold approximation did not vary much over the

limits of the integration for the two final states k1 and k2. Hence the

cross-sections could be expressed as

0** = Mpep' X SPi (6.39)

and

<f*l = M*" x S" (6.40)

where MPePi and MPeii are the matrix elements for purely electronic

photoionization and impact ionization and SP* and S" represent the rest of

the expessions (in equations 6.40 & 6.41) that are dependent on the host

material itself.

For the phonon assisted impact ionization the cross-section is also

proportional to the square of the overall matrix element MPaii in the
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threshold approximation, (see equation (6.10)). For phonon assisted

impact ionization, the term relating the square of the overall matrix

element to the cross-section is identical to that in the purely electronic

case when the impurity bound electron is confined in probability in

k-space to k~0, as in the purely theoretical calculation of the phonon

assisted cross-section for specific bound electron functions in §6.3&4.

Under these conditions

cT1 = M^11 x S . (6.41)

For phonon assisted photoionization, the cross-section will also

involve the same multiplication factor SH in equations (6.41 & 6.42) as

the purely electronic photoionization cross-section, since the addition of

the phonon has no effect on the other conditions in the calculation when

we use the same impurity as above for the phonon assisted impact

ionization cross-section calculation. For this condition we can write

a"3"1 = NT* 2 x SPi . (6.42)

We now express the square of the overall matrix elements MPaii
and MPaPJ for the phonon assisted processes as the square of the product

of the contributing matrix elements divided by the smaller change in

energy for both sets of transitions. So that

139



M
pan

M. . M,phonon-electron electron-electron

E - E
intermediate initial

(6.43)

and that

M
papi

, t Mphonon-electron photon-electron

E.
intermediate ^

initial

(6.44)

The overall matrix elements I MPan I and I MPaPi I can be related to each

other, when both matrix elements contain identical bound electron

function Fourier transforms. This requires the Fourier transforms of the

the bound electron function to be for the same particular wave vector. In

the purely electronic process the change in wave vector for the bound

electron in photoionization (resulting from photon emission) is almost

negligible compared to the change during impact ionization ac. For the

phonon assisted processes, with the bound electron function highly

localised in k-space, the magnitude of the phonon wave vector is

constricted to a particular value equal to ac. Hence for the Fourier

transform of the bound electron function in both the phonon assisted

impact ionization and photoionization processes to be for the same

particular wave vector (and therefore equal), we will have to use results

for the photoionization cross-section for double threshold photon energy.

This is shown in figure 6.2, below.
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A

conduction band

Wave vector k

k=0

Figure 6.2 The phonon assisted photoionization energy is double

threshold energy for the semi-empirical evaluation of the Fourier

transform of the bound electron function for the wave vector required

by the selection rules for the impact ionization calculation.

For this condition, we can express I MPaii I 2 as

M
pan

M
"electron-electron

M
"photon-electron

M
papi

(6.45)

From equations (6.40 - 6.43 & 6.46), we can deduce that the

phonon assisted impact ionization cross-section near threshold can be

written as

neii

^paii _ (T
(j^ep2hv

i w 2hv th
(6.46)

th
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The ratio of oPeii to oPePi (the purely electronic impact ionization

cross-section to photoionization cross-section) we know from equation

(5.66) to be

a13611 3n e2 m* (E2- - ET) (E2»- Ef) rQ 2
pepi " 8 e> E»E» [Q2"2] • (6'47)
2hv,h T 2

If we can measure the phonon assisted photoionization cross-section aPaPi
then we can evaluate the phonon assisted impact ionization cross-section

oPePk

§6.6 Results for ZnSe and analysis

§6.6.1 The cross-section for specific bound electron

functions

The model used in this calculation demands that the impurity wave

function be localised in k-space. However, this is not a satisfactory

description of a deep impurity wavefunction. In this section we present

results for wave functions that have been compressed in k-space to

various degrees.

The phonon assisted impact ionization cross-section for two specific

bound electron functions were given in equations (6.37 & 6.39). These
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Incident

Energy E2»

E2"= 1.005 Et

E2"= 1.01 Et

E2..= 1.02 Et

E2»= 1.03 Ex

E2»= 1.05 Et

E2..= 1.10 ET

E2..= 1.20 Et

ajac CFVPA <7BTPA
(cm2) (cm2)

0.15 1.2 x 10-22 2.2 X 10-23
0.1 1.8 x 10-22 5.2 X 10-23
0.03 1.8 x 10-23 1.0 x 10-24

0.3 9.0 x 10-23 1.4 x 10-23
0.2 1.7 x 10-22 3.6 X 10-23
0.15 2.6 X 10-22 6.6 X 10-23
0.1 2.4 X 10-22 1.2 x 10-22
0.03 6.0 x 10-24 1.2 x 10-22

0.3 2.4 X 10-22 4.6 X 10-23
0.2 3.6 X 10-22 1.0 x 10-22
0.15 3.4 X 10-22 1.5 x 10-22
0.1 1.8 x 10-22 2.0 x 10-22
0.03 1.9 x 10-24 1.2 x 10-22

0.3 4.0 x 10-22 8.6 X 10-23
0.2 4.4 X 10-22 1.6 x 10-23
0.15 3.4 X 10-22 1.9 x 10-23
0.1 1.3 x 10-22 2.6 X 10-22
0.03 8.8 X 10-25 1.3 x 10-22

0.3 5.8 X 10-22 1.7 x 10-22
0.2 4.0 x 10-22 2.8 X 10-22
0.15 2.6 X 10-22 2.8 X 10-22
0.1 6.4 X 10-23 3.2 X 10-22
0.03 3.0 x 10-25 1.3 x 10-22

0.3 6.6 x 10"22 3.6 X 10-22
0.2 2.8 X 10-22 4.4 X 10-22
0.15 1.1 x 10-22 4.4 X 10-22
0.1 2.2 X 10-23 3.6 X 10-22
0.03 7.8 X 10-26 1.3 x 10-22

0.3 4.6 X 10-22 6.0 x 10-22
0.2 1.3 x 10-22 5.8 X 10-22
0.15 4.2 X 10-23 5.2 X 10-22
0.1 6.8 X 10-24 3.8 X 10-22
0.03 2.0 x 10-26 1.3 x 10-23

Table 6.1 The phonon assisted impact ionization cross-sections aATPA and

aBTpA for a range of values of aJac from 0.03 to 0.3 and an energy range

for the hot incident electron of Ej. to 1.2ET.
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Figure 6.3 The phonon assisted impact ionization cross-sections (TSta for
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Figure 6.4 The phonon assisted impact ionization cross-sections gbtpa for
a range of values of aa/occ from 0.03 to 0.3 against incident energy for an

energy range of ET to 1.2EJ, in ZnSe for a trap depth ETof 2eV.
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were for a hydrogen-like function and a Lucovsky function [57] for a

8-type potential that were highly localised in k-space. To compress the

wavefunctions the parameter aa was used. By making aa smaller than ac

which was calculated from the binding energy in equation (6.5), the

impurity bound electron (in equations (6.33 & 6.34)) becomes confined

in probability in k-space to k~0.

The phonon assisted impact ionization cross-sections g\pa (for the

hydrogen-like bound electron function) and gbtpa (for the Lucovsky

function [57] for a 8-type potential) are calculated for ZnSe for a trap

depth Ej. of 2 eV. The energy bcoL that corresponds to the LO-phonon

that assists in this transition is about 30 meV in ZnSe. Table 6.1 shows

<Jatpa and gbtpa for a range of values of oca/ac from 0.03 to 0.3 and an

energy range for the hot incident electron of Ej. to 1.2ET. The results for

g\pa shown in table 6.1 are plotted in figure 6.4 and the results for and

gbtpa are plotted in figure 6.5.

The results shown in table 6.1 and figures 6.3 and 6.4 show a

pronounced cross-section maxima for the phonon assisted process. The

curves lack very accurate resolution very near threshold. This is due to a

number of reasons. In the approximation where wave vectors were

related to energies in the step from equations (6.34 & 6.36) to equations

(6.37 & 6.39), the approximations were somewhat clumsy in the handling

of small differences in wave vector. Therefore the graphs in figures 6.4
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and 6.5 do not accurately show the energy threshold of phonon assisted

impact ionization to be (E, -Kw,). To achieve better resolution the

cross-section at a given incident energy E2„ should be separated into two

contributions and the two contributions should be shifted in energy by

ftWj up and down to represent phonon emission and absorption. The sum

of the two cross-sections for absorption and emission will produce the

total cross-section to a higher resolution. The cross-section for the

hydrogen-like bound electron function for cxa/«c=0.15 is shown to a

higher resolution in figure 6.5

Incident Energy E2„ / Er

Figure 6.5. The cross-section for the hydrogen-like bound electron
function for a;i/«c=0.15 is shown to greater accuracy and differentiates
between phonon absorption and phonon emission in phonon assisted
impact ionization of a compressed hydrogen-like bound electron
function.
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and differentiates between phonon absorption and phonon emission in

phonon assisted impact ionization of a compressed hydrogen-like bound

electron function. The less resolved line for oca/ac=0.15 from figure 6.3 is

shown for comparison. The purpose of such a graph is to show the

decrease in the threshold energy for the phonon assisted process compared

to the purely electronic process. However, in practice, hot incident

electrons do not all have the same kinetic energy. The incident hot

electron energy Er is only an average energy, and the cross-section

should therefore be weighted by a convolution of the distribution of

incident electron energies with the various cross-section values for those

energies. Taking the distribution into account affects the steepness of the

rise achieved in a cross-section calculation.

Another problem is the specific bound electron function itself. It is

unrealistic to assume a deep level has the same characteristics as those

used in this calculation.

The shape of the cross-section curves in figures 6.4 - 6.6 reveal

that the phonon assisted process for these specific bound electron

functions is more important near threshold than at higher energies. This

tailing off with higher energy is due to the Fourier coefficient tailing off

with the incident energy term Er dominating in the denominator. Had the

specific wave functions not been so constricted in k-space and hence

flatter near k=0, then the incident energy term Er would not have

dominated near threshold and so the cross-section would not have tailed

147



off so quickly. However, the peak of the wave function in k-space would

have been considerably reduced, due to normalisation so the peak of the

cross-section would not necessarily have been so great.

§6.6.2 The semi-empirically derived cross-section

If the phonon assisted photoionization spectra could be separated
from purely electronic photoionization spectra in laboratory
observations, the phonon assisted impact ionization cross-section could be
calculated from equations (6.47 & 6.48). However equation (6.47) only
holds for a bound electron function that is highly localised in k-space as

in the purely theoretical model for the specific bound electron functions.
Since the factor relating the photoionization cross-section to the

impact ionization cross-section is the same for both the purely electronic
and phonon assisted processes, it is not necessary to differentiate between
the two if it is the overall impact ionization cross-section (which includes

both) that is desired. The rate of change of the factor CTPcP'/aPcii is shown

graphically in figure 5.5 in the previous chapter for a range of incident

energy values E2../Er = 1 to 2.
The phonon assisted impact ionization cross-section was calculated

to be small for a parabolic band and the process is therefore unimportant

experimentally (when compared to the purely electronic process). In

practice the conduction band in ZnSe departs from parabolicity and this
reduces the probability for the purely electronic process for a

hydrogenic impurity. However this effect is not enough to make phonon
assistance significant in impurity impact ionization.
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S6.7 Conclusion

In the previous chapter we concluded that a hydrogen-like function for the

bound electron function was a reasonable representative of the tail section

of the wave function (in real space) of the d-shell electron (which is

common for deep levels in ZnSe) for the purely electronic impact

ionization; and comment qualitatively on the contribution to the impact

ionization cross-section from the central region (in k-space) of the

hydrogen-like bound electron function. However, the model cannot

calculate the contribution from the part of the wave function that is not

near k=0 (the part that is localised in real space).

From the phonon assisted process there would be a significant contribution

to the cross-section with increasing energy starting at the phonon assisted

impact ionization energy threshold, which ist\o\ in energy below the

purely electronic impact ionization energy threshold whent\,coL << Hr.

Near the two energy thresholds this contribution is from the central part

(in k-space) of the bound electron function; and would exceed the

contribution from the less centralised part from which purely electronic

impact ionization is allowed, due to the selection rules concerning crystal

momentum. At increasing energies the purely electronic impact ionization

cross-section is expected to become more important whilst the phonon
pfb,

assisted process is expected to become less important culminating in the

purely electronic process dominating at energies significantly above

threshold.
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Appendix 6A

The energy denominators in equation (6.10) are calculated by

subtracting the total initial energy from the total energy of the

intermediate state, of the system. We take the energy level of the deep

impurity to be zero energy and all other energies are departures in

energy from this level. Hence E^ is the threshold energy and also the

energy to the bottom of the conduction band, the hot electron is at 2Eth

from the impurity and intermediate states in bands above or below the

conduction and valence bands are Ehb from the impurity.

The total initial and intermediate state energies are listed in table

6.2, as is the difference in energy for each of the four processes A, B, C

and D.

Process Initial Intermediate Difference in

Energy Energy Energy

A 0 + 2Eth + nqtiCO^ E(h + Ehc + nqtiO)^ Ehc~ Ejh

B 0 + 2Eth + nqtiCOL lEfo + 2Eth + (nq±l)1icoL 2Ejh ± ti(0L

C 0 + 2Etb + nqtiCOL 2Etb + Ejjj + nqti coL Eth

D 0 + 2Eth + nqtiQ)^ 0 + + ("qil)^0^ Ehc " 2Ejh ± tiC0L

Table 6.2 The total energies for electron 1 and 2 and the phonons in

the system for the initial and intermediate states, followed by the

difference in energy, which is the energy denominator in equation (6.10)
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Chapter 7. Conclusion

§ 7.1 Introduction

We have sought a better understanding of radiative and

non-radiative recombination of electrons and holes in semiconductors

between the conduction and valence bands and between impurities and the

bands. Calculations have been applied to ZnSe to assist our understanding

of why certain processes are more important than others under various

conditions. We have also been able to investigate whether efficient blue

emission is possible in ZnSe at room temperature. Impact ionization

processes have also been examined. A semi-empirical method of

evaluating the cross-section suggested by Allen [29] has been presented, as

has a LO-phonon assisted impurity impact ionization cross-section

calculation for the first time.

Rather than just repeat the conclusions of chapters 2 to 6 in detail,

we will briefly summarise some of the deductions made throughout the

thesis.

§7.2 ZnSe

Can near-band-edge luminescence in ZnSe be suitable for device

applications in the future, and if so, under what conditions and if not,
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why not, and consequently what can be learnt for the search to find other

materials for blue emission at room temperature?

From a theoretical standpoint, ZnSe could produce efficient blue

emission, however in practice the efficiency is limited. Only if the crystal

growers can learn to control the intentional and unintentional trap

concentrations to keep them sufficiently independent of each other and if

they can make p-type ZnSe reproducibly, will efficient blue emission be

possible in ZnSe.

The efficiency of blue emission in ZnSe at room temperature is

determined by comparing the shortest minority carrier lifetime for

near-band-edge radiative recombination with that of the shortest

non-radiative lifetime, taking reabsorption into account. In the case of

ZnSe, the radiative mechanism with the shortest lifetime is band to band

radative recombination and for the non-radiative process it is

Hall-Shockley-Read recombination [19,20] involving deep levels. Since

band to band emission is strongly absorbed in non-degenerate material,

very high levels of intentional shallow doping are necessary to shift the

absorption edge to higher energies. Unfortunately for high intentional

shallow impurity concentrations (ie. for degenerate material) it is

difficult to be keep the deep level concentration of traps with giant

capture cross-sections at low concentrations. This means that

Hall-Shockley-Read recombination lifetime is very short in degenerate

material. This is still a huge problem.

Another way to approach the problem of blue emission might be to
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consider non-degenerate material where band to band emission is strongly

reabsorbed and examine the radiative recombination mechanism with the

next shortest lifetime which is free hole to bound electron recombination.

In non-degenerate material it is difficult to simultaneously keep the

unintentional deep level concentration very low whilst still maintaining

the shallow impurity concentration high enough to ensure the lifetime for

free hole to bound electron recombination is shorter than that for

non-radiative Hall-Shockley-Read recombination. Again this is also a

huge problem.

Having difficulty in keeping the intentional and unintentional

impurity concentrations independent of each other in both degenerate and

non-degenerate material does not rule out the prospect of efficient blue

emission in quantum well structures, where carrier confinement can

increase the probability of radiative recombination.

Whether or not ZnSe will become successful for blue light emitting

devices, we can consider what inherent properties of ZnSe, that affect the

efficiency of near-band-edge luminescence, may be important for other

materials in general. Crystal momentum considerations affect the

probability of the transition mechanisms considered in this thesis. Ideally

free minority carriers would have a significant probability of having the

righf.wave vector for near-band-edge radiative transitions, and an

insignificant probability for non-radiative transitions. It is not the case in

a material such as ZnSe, which is why it is difficult to produce blue

emission at room temperature. This is due to the high ratio of effective

153



masses of the heavy hole band to both the conduction and the light hole

valence bands. In ZnSe, the heavy hole band has a wide distribution of

free holes in k-space which does not overlap strongly with the electron

distribution in both the conduction band and on shallow donors (see

figure 4.2). Instead, the free hole distribution in k-space overlaps quite

well with levels far from the conduction band edge.

Experience has shown that wide band gap semiconductors have a

high ratio of effective masses of the heavy hole band to both the

conduction and the light hole valence bands. This implies that there will

always be traps with giant capture cross-sections, though it will be up to

the crystal growers to keep the concentrations low. However, if the ratio

of the effective masses can be reduced, it would greatly enchance the

possibility of efficient near-band-edge luminescence. This is because the

free and shallow bound electrons and free holes would have a stronger

overlap. Also if the ratio of heavy hole to light hole mass were to

decrease, the ratio of heavy holes to light holes would decrease, allowing

holes a greater chance of overlapping with conduction band electrons.

$7.3 Impact ionization

In chapter 5, where phonons are ignored, the impurity impact

ionization cross-section is related to the impurity photoionization

cross-section, as suggested by Allen [29]. The photoionization
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cross-section is measured for double threshold energy for finding the

near threshold impact ionization cross-section and so in practice it is

difficult to find experimental results for double threshold energy of deep

levels that are less than band gap energy. The impact ionization

cross-section was found using the results of photoionization measurements

of Grimmeiss et al [63] for deep levels in ZnSe. The results were within

an order of magnitude of those calculated for a hydrogenic wave function

using the method of Robbins and Landsberg [48]. Hence the use of

hydrogenic wave functions to represent the tail section of the wave

function in k-space for a deep level is justifiable.

In chapter 6, where a LO-phonon assisted impurity impact

ionization cross-section calculation was presented for the first time for

specific impurity wave functions, the phonon assisted impact ionization

cross-section was found to rise steeply at threshold. Improvements to the

calculation are required to deduce how important the contribution from

the phonon assisted process exactly is compared to the unassisted process

and these are discussed in the next section on future work.

§7.4 Future work

For the purpose of finding a source of efficient blue emission,

much of the burden lies on the crystal growers being able to prepare

materials without significant concentrations of unintentional energy
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levels. For wide band gap materials other than ZnSe, it would be useful to

find a material whose ratio of heavy hole to conduction band effective

masses is less than that foe ZnSe, which is 10. However, this figure is still

questionable and good experimental results on the heavy hole band

effective mass would be useful.

The impact ionization calculations can themselves all be improved,

as the conditions imposed in the models are quite severe. For wide gap

material such as ZnSe the conduction band loses its parabolic shape at

energies up in the conduction band that are comparable with energies of

levels deep in the forbidden gap. Little is still known about wave

functions for deep levels and substituting for better wave functions would

improve the calculations.

For the phonon assisted process the phonons were limited to having

one specific wave vector value, which for the case of LO-phonons is a

severe restriction. The calculation in chapter 6 would be improved if one

further integration were made over different values of phonon wave

vector.
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