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Abstract

Abstract

The substitution of a small fractionx of nitrogen atoms, for the group V elements
in conventional I11-V semiconductors such as GaAs and GaSlrengly perturbs
the conduction band of the host semiconductor. In this thesiwe investigate the
e ects of nitrogen states on the band dispersion, carrier attering and mobility
of dilute nitride alloys.

In the supercell model we solve the single particle Hamiltcan for a very large
supercell containing randomly placed nitrogen. This modglredicts a gap in the
density of states of GaNAs; «, where this gap is lled in the Green's function
model. Therefore we develop a self-consistent Green's ftion (SCGF) approach,
which provides excellent agreement with supercell calctiens and reveals a gap
in the DOS, in contrast with the results of previous non-selfonsistent Green's
function calculations. However, including the distributon of N states destroys
this gap, as seen in experiment.

We then examine the high eld transport of carriers by solvig the steady-
state Boltzmann transport equation and nd that it is necesary to include the
full distribution of N levels in order to account for the smal low- eld mobility and
the absence of a negative di erential velocity regime obsexd experimentally with
increasingx. Overall the results account well for a wide range of expergntal
data.

We also investigate the band structure, scattering and molity of carriers by
nding the poles of the SCGF, which gives lower carrier mobty for GaN,As; ,
compared to those already calculated, in better agreementittvexperiments. The
calculated optical absorption spectra for InGa; yNxAs; x and GaNSb; , using
the SCGF agree well with the experimental data, con rming tle validity of this
approach to study the band structure of these materials.
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Chapter 1

Introduction

1.1 Motivation and background

The band structure and physical properties of semiconduat® can be engineered
by alloying these materials. Such alloys have been widelyadsin the development

and improvement of electronic and optoelectronic devicedost such alloys are

well described using the virtual crystal approximation whee the properties of the

materials evolve smoothly, in a linear or close to linear fagn as the composition

is varied.

In the last twenty years, dilute nitrite semiconductor allgys have been a topic
of intense scienti ¢ research and technological developnis ever since they were
discovered, because of their peculiar electronic and phyai properties and po-
tential device applications. The substitution of dilute anounts of nitrogen atoms
for the group V elements in conventional I11-V semiconducts such as GaAs or
GalnAs strongly disturbs the conduction band (CB) of the hassemiconductor,
in a way which is markedly di erent from what will be expectedusing the virtual
crystal approximation. This allows one to strongly modify ad tailor the band
structure of these semiconductors, leading to the develogmt of novel optoelec-
tronic devices such as light emitting diodes, edge emittirigsers, solar cells, photo
detectors, and modulators [1 3].

When a small fraction of arsenic in GaAs is replaced by nitr@m to form
GaNyAs; « the energy gap decreases rapidly by about 100 meV per % of N for
X < 3% [4]. This behaviour is markedly di erent to conventionalsemiconductors,
and is of interest both from a fundamental perspective and bause of its signi -
cant potential device applications. As an example, the strg bowing opens the
possibility of using GalnNAs to get optical emission on a Gag\substrate at the
technologically important wavelengths of 8 and 155 m, considerably expand-



1. Introduction

ing the capabilities of GaAs for optoelectronics devices][3In 1996 M. Kondow
et al. [5] proposed GalnAsN as a material for long wavelength emims on GaAs.
These new semiconductors o er device engineers new desigpartunities for a
new generation of electronic and optoelectronic devices.

The unusual electronic properties of Ga(In)NAs arise becaa of the marked
di erence between nitrogen and arsenic atoms: N is considdaly more electroneg-
ative, and the equilibrium Ga-N bond length is 20% shorter thn that of GaAs.
This strong di erence has far-reaching consequences, andderpins many fea-
tures of dilute nitride alloys.

Signi cant progress has been achieved in understanding tteectronic struc-
ture of dilute nitrides, and several theoretical approacteehave been used to de-
scribe the electronic band structure of nitrogen-containg 1l1-V compounds [6].
It is well established that because of the large di erence ialectronegativity and
atomic size between N and As, when a single N atom replaces aa &tom in
GaAs, it forms a resonant defect level above the conductiorabd edge (CBE) of
GaAs [7, 8]. A major breakthrough was achieved by Shaat al. [9] who demon-
strated that the reduction in energy gap in dilute nitride aloys is due to a band
anti-crossing (BAC) interaction between the conduction bad edge of the host
semiconductor material and these localised N impurity stas.

The BAC model provides a good qualitative explanation of theand structure
of dilute nitride alloys, but it is in many cases necessary tmclude the details of
the distribution of N-related defect levels to obtain a quatitative understanding
of the conduction band structure in dilute nitride alloys. h practice, replacing
As by N introduces a range of N-related defect levels, assateid with isolated
N atoms, N-N pairs, where a group Il atom has two N neighbouysand larger
clusters of N atoms. In has been shown that the e ect of such et levels on
the alloy conduction band structure is strongly dependentrothe relative energy
of the defect levels and the host conduction band edge [10].11

The incorporation of nitrogen into I1lI-V materials is also khown to cause a
large drop in the electron mobility [12, 13]. In addition to he scattering from ni-
trogen states, the conduction band becomes highly non-péalic, which further
a ects the transport properties. Adams proposed that a supssion of the elec-
tron ionisation rate might be possible in avalanche photoddes, due to the strong
perturbation by N states that could limit the ability of electrons to gain higher
energy from an applied electric eld in GaNAs [14]. Moreovera strong negative
di erential velocity has been predicted and observed at hig electric elds for
GaNyAs; « with very low N composition, x [15]. Recent Monte Carlo calcula-

Dilute Nitride Semiconductors 2



1.2 Thesis structure

tions [16] also con rms negative di erential velocity at vey low N compositions
(x  0:2%).

1.2 Thesis structure

In this thesis we explore the electronic structure, scatterg and high eld trans-
port of carriers in GaN;As; 4 alloys. First a review of the relevant background
to this work is presented in Chapter 2. This chapter begins Wi an overview
the current models to explain the in uence of the introducton of N atoms in the
band structure of the dilute nitride alloys. We rst review the band-anticrossing
model to describe the conduction band structure. We then disiss that there are
in practice a distribution of N-related states in GaNAs, whth can be described
using a Linear Combination of Isolated Nitrogen States (LQONS) model [11, 17].
We then describe the Green's function approach to calculatee electronic struc-
ture. Then we describe some experiments that reported a draiic reduction in
the carrier mobility of GaN,As, « alloys, and review the main suggested models
to understand carrier scattering and mobility in these mateals. We also brie y
mention some experiments that observed negative di erert velocity at high
eld for samples containing small fraction of N x.

Then in chapters 3 to 5 we investigate the band structure of Wite nitride
alloys as a requirement to study the hot-electron, mobilityand drift velocity in
high electric elds in Chapter 6. We modify and develop the BE and Green's
function models in Chapter 3. The Green's function approachroposed by Wuet
al. [18] predicts that the nitrogen state energies acquire an aginary component,
interpreted as an energy broadening, which is omitted in thasual BAC model.
We introduce this N broadening by considering a complex N s&energyEy in
the BAC model in Chapter 3. Moreover the usual BAC model is ovsimpli ed
as it assumes that all N atoms have the same energy,, and ignores a range of
resonant defect level close to the conduction band edge. Wedify this model
in Chapter 3 by including N-N pairs and larger clusters of ladised N states.
Also we consider the shift in the N state energies due to theinteraction with
the CB states, and calculate the density of states (DOS) andand dispersion of
GaN,As;  alloys.

In order to examine the accuracy of these models we undertagepercell cal-
culations in Chapter 4, where by using the Anderson impuritynodel we directly
solve a simpli ed random impurity model Hamiltonian for a vey large GaAs su-
percell, and calculate the exact eigenstates of this Hanolian. To simplify this

3 Masoud Sei kar



1. Introduction

model we ignore the distribution of N states and assume all ¢hN atoms have
the same energyEy . Thereafter we compare the band structure and the density
of states of GaNAs alloys in the supercell, with those obtagu using the BAC
and Green's function models. This comparison con rms the Vlidity of the BAC
model at energies away from N state energies but highlightsree disagreements
close to the N energyEy. The supercell model predicts a gap in the DOS of
GaN,As;  alloys, where this gap is lled in the Green's function and tb mod-
ied BAC models. These results suggest a deeper investigati of the energy
broadening model used in the Green's function approach.

Therefore, in Chapter 5 we introduce a self-consistent Gneé's function
(SCGF) method by introducing an energy-dependent complexergy E;(E),
where the imaginary and real parts of E;(E) indicate the broadening and shift
in energy, respectively. This model gives a very good agreemh with the re-
sults of the supercell calculations, including in the eneygrange close toEy .
In this chapter we also consider the e ects of a distributiorof N-related defect
levels in the band structure by using the LCINS model. This nael considers
the interaction between nitrogen atoms on nearby sites leaud) to inhomogeneous
broadening and a distribution of localised state energie¥Ve examine the conse-
quences of this distribution on the density of states and bahstructure of dilute
nitride alloys. We show that it has several signi cant e ect including a lling of
the gap in the DOS of GaNAs;  alloys.

Having provided a clear picture of the band structure and thelensity of states
of GaNAs alloys, we study in Chapter 6 the scattering and higteld transport,
by solving the steady-state Boltzmann transport equationn bulk GaN,As; .
Two di erent models of the CB structure have been studied tonvestigate the
behaviour of electrons with increasing electric eld in GaNAs; « alloys: (1)
carriers in parabolic and L bands are scattered by resonanbitrogen states,
polar optic and acoustic phonons, and intervalley optical jponons; (2) carriers
con ned in the lower band of the BAC model are scattered by N stes and by
optical phonons. We consider scattering both by isolated Nages and by a full
LCINS distribution of N states. We conclude that it is necesgy to include the
full distribution of N states in order to account for the small low- eld mobility
and the absence of a negative di erential velocity regime skrved experimentally
with increasingx. We note that the BAC model with carriers constrained to the
lower BAC sub-band fails at high electric eld as it does not Bow carriers to
accelerate to higher energies.

Chapter 7 aims to develop a more complete model to calculatée band

Dilute Nitride Semiconductors 4
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structure, scattering and mobility of bulk dilute nitride alloys by nding the
poles of the Green's function. In this chapter we calculatehe complex poles
of the Green's function in a self-consistent manner, whereewise its imaginary
and real parts to calculate the scattering rate and band disggsion of carriers,
respectively. Then we use the band dispersion and scattagimates to determine
the carrier mean free path and mobility using the Boltzmann flansport Equation.
Our results for low eld mobility in Chapter 7 show a better ageement than were
obtained in Chapter 6, because the model used in Chapter 7 siaters the e ects
of nitrogen states on both the band dispersion and carrier attering.

Then in Chapter 8 we benchmark the methods we have developey talcu-
lating the optical absorption coe cient for INGANAs and GaNSb alloys, using
the BAC and LCINS model, and comparing the results with exp@nental data.
We consider two models for the band structure of dilute nitde alloys: (1) the
BAC model including isolated and pair N levels interacting wh the host ma-
trix conduction, light hole and spin orbit split-o band; (2) the SCGF method
to include the full distribution of localised state calculéed using the LCINS ap-
proach, including non-parabolic CB and light hole, and pataolic heavy hole and
split-o bands. The rst model accounts for many features ofthe absorption
coe cient spectrum in comparison with experiments on InGahs alloys; includ-
ing the LCINS distribution improves this agreement. Our calulated absorption
spectra for GaNSb alloys predict the band edges correctlyubshow more fea-
tures than seen experimentally. This suggests the presengemore disorder in
GaNSb alloys in comparison with InGaNAs.

Finally in Chapter 9 we summarise our conclusions and dis@ipossible future
works.
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Chapter 2

Review of prior research

2.1 Introduction

The aim of this chapter is to provide an overview of the backgund theory of
dilute nitride semiconductors relevant to this thesis. We tart with the band

structure of dilute nitride alloys, and the current models o treat the e ect of
substitutional nitrogen atoms in GaNAs. We begin, in Y 2.2 bgiving an overview
of the band anticrossing (BAC),Linear Combination of I solatedN itrogen States
(LCINS) and Green's function methods that have already beeapplied to explain
the electronic structure of GaNAs alloys. Then in Y 2.3 we tsrie y discuss the
prior carrier mobility measurements of GaNAs alloys that hee shown a signi cant
reduction of mobility in these alloys in comparison with GaA. This is followed
by a brief overview of the models which have been introduced texplain this
remarkable decrease of electron mobility in dilute nitridsemiconductors. Finally
we review, in Y 2.4, the research that has been performed oghield transport

in dilute nitride alloys.

2.2 Band structure

The electronic structure of dilute nitride alloys has attrated considerable interest,
both from a fundamental perspective and also because of th@iotential device

application. Substituting a small fraction of the group V abms by nitrogen,
N, strongly perturbs the conduction band of IlI-VN materiak. For instance,
replacing a small fraction of As atoms by N introduces a seseof N-related
defect states into the conduction band (CB) of GaAs, and therergy gap initially

decreases rapidly, at about 0.1 eV per percent of N far< 0:03 [4]. A number
of theoretical models have been introduced to explain the baviour of these
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materials, of which the simplest one is the two-level band &rcrossing model, as
described in the next section.

2.2.1 BAC model

It is well known that the substitution of an As atoms by a singé N atom, in GaAs,
forms a resonant defect level above the conduction band ed@BE) of GaAs [7].
The BAC model introduced by Walukiewicz and co-workers exains the extreme
band gap bowing observed in GaylnyAs; xNy in terms of an interaction between
two levels, one at energfy associated with localised isolated N impurity states
n , and the other at energyE. associated with the extended CBE state o of the
GalnAs matrix, with the two states linked by a matrix elementVy. describing the
interaction between them [9]. The conduction band dispexan of GalnAs, Ny
is then given in the BAC model by the eigenvalues of the deteinant equation

En(x) E Ve 0 2.1)
~2k2 =0; .
Vi E + —
Nc c(X) om

where the interactionVy. between the host matrix CBE and the N state increases
with N concentration asVy. = x 2 [19], is a constant parameter, andn is
an appropriately chosen band edge e ective mass for the GajAs host matrix
material [20].

Figure 2.1 shows as an example the band structure of GadNsASo.905, Where
the interaction of the CB of GaAs,Ey, with the nitrogen state energy,Ey , splits
the host semiconductor CB into two sub-band€E and E,. The bottom of
the lower band, E (k), is pushed down to lower energy and the minimum of
the upper band, E. (k), is pushed up with increasingx. Here we have taken
En =(1:56 0:22) eV, E. =(1:42 35x) eV and = 2:0 eV, based on the
parameter values given in [21].

The BAC model explains many features of the electronic struure, includ-
ing the strong reduction in energy gap in GaNAs; , with increasing x [9], the
band dispersion close to and above the CBE in samples with ydow N compo-
sition [22], and the measured increase in band edge e ectiveass in GalnAsN
alloys [20]. However, because it omits the full energy digtution of N states, it
fails to explain the further enhancement and non-monotoniariation of the band
edge mass withx in GaNyAs; 4 for x  0:05% [6, 23, 24]. The BAC model is
oversimpli ed, because it ignores the detail of the distribtion of N states which
are present in actual GaNAs samples, as will be discussed Imetnext section.

Dilute Nitride Semiconductors 8
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k (1/m) 9

Figure 2.1: Dispersion relation for GaljAs; y with x = 0:5%, calculated by
BAC model of Eq. (2.1). Ex and Ey show the host semiconductor and nitrogen
energies, respectively.

More details of the BAC model and how it can be modi ed to treata range of
di erent N defect states will be presented in chapter. 3.

2.2.2 LCINS model

O'Reilly, Lindsay and Fahy have previously used a tight-biding-based model to
calculate the distribution of N states expected in random Q€As alloys, treating
explicitly the interactions between aLinear Combination of | solated N itrogen
States (LCINS) in this model [11, 17]. These interactions leato a mixing be-
tween the dierent N states and a broadening of the N spectraénergy En;
no longer just equal toEy ) and of the interaction valuesVy.. In addition, the
number of N pair and cluster states increases with N compaosih x. The pair
states have energy close t&\y , the energy of an isolated N pair, where a N
pair is formed when two of a Ga atom's nearest neighbours are &loms [21].
The density of localised N states calculated by the LCINS appach, weighted
by jV;j>=N, (where N, is the number of primitive cells in the system andV, is
the interaction matrix element of statej with the CBE), is shown in Fig. 2.2 for
GaN,As; « several di erent values of nitrogen compositiorx.

It has been previously shown that use of this full distributon of N states can

9 Masoud Sei kar
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Figure 2.2: Calculated distribution of localised LCINS sttes, weighted by their
interaction jv; j?=N. for each state, versus their energies respect to the condioct
band edge of the host semiconductor, for GgMs; 4 with x = 0:21;0:5;1:2 and
2:0%. Each energy level is broadened to a Gaussian of width 1 mih3].

account very successfully for the non-monotonic variatioaf electron band edge
mass with N compositionx [25] and with hydrostatic pressure [26, 27], as well
as the anomalous behaviour of the electron gyromagnetic ratas a function of
compositionx [28] and the conduction band density of states projected amtthe
GaAs host matrix states [29]. It should therefore also prose a good description
of the conduction band dispersion. In later chapters of thithesis we will employ
the LCINS model, which includes a full distribution of N staes, as well as the
BAC model to investigate the density of states and transporproperties for a
range of dilute nitride alloys.

Dilute Nitride Semiconductors 10



2.2 Band structure

2.2.3 Green's function method

Because the localised N states in GalNAs, , are degenerate with the host CB
matrix states, it should be expected that they behave as resant states, with an
associated resonant broadening. This broadening is omitten the BAC model
but can be considered by using the many impurity Anderson medi

In the many impurity Anderson model, the Hamiltonian for a seof localised
N states interacting with the host matrix conduction band sates can be written
as

H=Hy+V,; (2.2)

whereHg is a sum of two terms describing the energies of extended andalised
states, labeled by wave vectojki and position vectorjj i

X oo XM
Ho = Exjkihkj + E;jiiihjj; (2.3)
k j=1
whereE, and E; are the energies of the host matrix CB states with wave vector
k, and of the j-th N state, respectively. The interaction between extenakand
localised states is given by

V= )k('j plN:C Vi € Rijkihjj + Vi e *Rijjinkj ; (2.4)
where N. is the number of primitive cells in the system,R; is the position of
the j-th N atom, and V; is describing the interaction between thg -th N state
and the k-h host matrix state. It can be assumed that thek dependence of the
interaction term is weak, and so it can be written as/ [30]. Assuming all the
localised states have the same energy and using Andersonanyrimpurity model
in the coherent potential approximation [31], Wuet al. [18] derived the solutions
of the Hamiltonian in Eq. (2.2) in terms of the Green's funcion

8 9
< 2X =
Gk=.E E . ; 2.5
kk . k E EN N : ( )
where = 2Do(Ey) is the broadening ofEy in the single-impurity Anderson

model, andDy(Ey ) is the unperturbed density of states atEy . In this approx-
imation, they used a prefactor where value was chosen by comparison with
absorption coe cient measurements to be = 0:22. Including the broadening
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N, EQ. (2.1) becomes

En(xX)+i v E VNe

Vs Ex) E =0: (2.6)

When | =0, the eigenvalues of this equation are given by

1 q
E (k)= 5 E, + Ex (Ex En)?+4V3, ; (2.7)

whereE andE. are the lower and upper conduction sub-bands, respectivelyor
nonzero broadening n, Eqg. (2.6) has complex eigenvalues that can be written
asE +i ,whereE and are the real and imaginary parts of the energy
calculated by replacingEy by Ey +1 § In EQ. (2.7).

Vaughan and Ridley [32, 33] generalised this method to incla additional
nitrogen clusters such as N-N pairs sharing a nearest neighly Ga ion, and
derived the Green's functionGy, for the more general case as [30]

8 9 ,
< 1 X j\/,]z =
Nc

Gw =.E Ex E E +1 : (2.8)
' J 1’

J
whereE, andE; are the energies of the extended host semiconductor and |beed
nitrogen states, respectively\V; is the host conduction band interaction energy
with the impurity levels j, and N is the number of primitive cells in the system.
Vaughan and Ridley [34] calculated the density of states of @BlAs from the
imaginary part of the Green's function, assuming that the eergy broadening |
is constant and the same for all N levelg;. Vogiatzis and Rorison [35, 36] have
also studied the band structure and the density of states ofultk, quantum well
and quantum wire GalnNAs, using Matsubara Green's functiomethod.

In Chapter 4 of this thesis, we modify this method by calculang Ey as
the imaginary part of the energy shift using second order prbation theory.
We will also consider the real part of the energy shift as a $hin the localised
state energies, By . Then in Chapter 5 we further modify the Green's function
(GF) method by introducing energy dependent broadening pameters, E;(E),
calculated by aSelf-Consistent Green's Function (SCGF) approach, where the
real and imaginary parts indicate the shift in energy, and lwadening, respectively,
of localised states. We rst calculate an energy-dependebiroadening E;(E)
using a self-consistent Green's function method and thenvestigate the e ect of
the energy dependent broadening on the calculated DOS of GASI

Dilute Nitride Semiconductors 12
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2.3 Mobility and scattering

2.3.1 Carrier mobility

It has been observed that the introduction of small amount oN into 111-V mate-
rials, not only perturbs the CB of the host semiconductor, bualso signi cantly
reduces the mobility of carriers [37 41]. Compared to the mm temperature value
of about 8000cM(Vs) ! expected for GaAs, Skierbiszewslkdt al. [41] measured
the mobility of GaN.g14ASy.086 10 be 400cmi(Vs) ! at 295 K. Young et al. [42]
measured the mobility of GaNAs; « for several N concentrations from ©1%
up to 1:3% for carrier concentrations of (5 7) 10 cm 3. For x = 0:4% and
X = 1:3%, they reported = 187 cn?(Vs) ! and 165 cni(Vs) !, respectively.
Ishikawa et al. [43] measured the mobility of GalAs; 4 for x=0:8;1:7 and 22%
with several carrier concentrations. Fox=0:8%, they measured =413; 208 and
89 cn?(Vs) ! for n=(0:1;1:0 and 51) 10'® cm 2, respectively. Their mobil-
ity for x=1:7% at n=5:3 10" cm 2 was 185 cri(Vs) !. Reasonet al. [44]
have also measured mobility of Si-doped Gals; , for several N concentrations
from 0:01% up to 2% =(0:3 1) 10'). Their value for x=0:1%; is around
600 cnt(Vs) ! and forx=0:5 and 1:2% they measured =300 and 200 cmi(Vs) !
respectively. Fig. 2.3 shows the compilation of mobility vaes measured for
GaN,As; « samples, along with theoretical estimation of the mobilitywhich are
discussed further below.

In a nal estimate of the mobility in GaNAs, Fahy and O'Reilly [45, 46], using
S-matrix theory, calculated the scattering cross-sectiofor an isolated impurity

as "
B m 2 dE; “ 4
~2 22 gx

where ap is the GaAs lattice constant, m is the electron e ective mass and

(2.9)

dE.=dx is the derivative of the band edge energy with respect to the Boncen-
tration x. In the two-band model, assuming all localised states havée same
energy,Ey, they estimated that the n-type carrier mobility is given by
" #
p3m ke T m 2 dE. °

= . >3 ™ ax; (2.10)

where e is the magnitude of the electron chargekg is Boltzmann's constant
and T is the absolute temperature. Forx = 1%, Eq. (2.10) gives a mobility
around 1000 cri(Vs) !, at room temperature. This value is comparable to the
highest measured mobility in high-quality GalnNAs samples This mobility is
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substantially less than the ideal mobility of GaAs at room tenperature.
Later, Fahy and O'Reilly [47] generalised Eq. (2.10) to inade N-N pair and

higher cluster of N distribution, in an independent scatteéng approximation, as
Py ! #2

3mkeT m %X dE; ~ ,

i 2.11

e 2 2 j de aOXJ ( )

where X; is the concentration of thej-th environment. They concluded that
including the N-N pair has a relatively small e ect on the moldity, reducing the
calculated values by less than 10%, compared to the two-bamndodel, where all
N atoms are treated independently. They proposed that the ects of nitrogen
clusters on the mobility may in general be small when the cltexs are distributed
uniformly through the alloy. They [47] also suggested thatte mobility has a very
weak temperature dependence in the range 10300 K, due to the increase in the
scattering cross-section at low temperature as the condumt band edge comes
closer to the nitrogen resonance levels.

Vaughan and Ridley [34] also calculated the bulk mobility foGaN,As,  for
the case of isolated N and N-N pair environments. In this worthey ignored the
details of the N distribution, and also did not consider polaoptical, impurity
and defect scattering, scattering mechanism that were inaled in their later
work [49] for calculating the Hall mobility. These assumptins led to a higher
mobility value compared with those calculated by Fahyet al. [47], and an order
of magnitude higher than the highest measured values.

The dashed line in Fig. 2.3 shows the estimated variation ohé room tem-
perature electron mobility with x in GaNyAs; «, calculated using the two-level
band-anticrossing model for GaMAs;  [9, 45], which assumes all N resonant
defect states to be at the same enerdgyy. The electron mobility is estimated
to be of order 1000 cri{Vs) ! when x=1%, of similar magnitude to the highest
values observed to date in dilute nitride alloys [50] but lager than that found in
many samples, where 100 300 cnt(Vs) !, as shown by the data points in
Fig. 2.3 (following [12, 44]). In practice, there is a wide diribution of N reso-
nant state energies in GaMAs; ,, associated with N-N nearest-neighbour pairs
and clusters [24, 51], with a signi cant number of these defelevels calculated
to be close to the conduction band edge. The lower lines in Fig.3 shows the
calculated mobility when scattering associated with the LONS distribution of
defect levels is included. It can be seen that inclusion ofithfull distribution can
largely account for the low measured electron mobility in tis alloy system.

The intrinsically low electron mobilities in dilute nitrid e alloys have signi cant

Dilute Nitride Semiconductors 14
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Figure 2.3: Data points: measured variation of electron mdiy with N com-
position x in GaNyAs; x (from [12]). The uppermost dashed line shows the
calculated mobility, assuming scattering by isolated N atms only (Eq. (2.10))
while the lower lines show the calculated mobility assuming distribution of N
states [13] and carrier density of 1 10" cm 2and 1 10*® cm 3 (grey and black
triangles respectively), (following [48]).

consequences for potential device applications. The loweeiron mobility, com-
bined with the short non-radiative lifetimes observed to d, limit the electron
di usion lengths and e ciency achievable in GalnNAs-basedsolar cells. Fur-
ther e orts may lead to increased non-radiative lifetimesput are unlikely to see
signi cant further improvements in the alloy-scatteringdimited mobility [50].

2.3.2 Resonant scattering

The rate of transition from an initial occupied statej ;i to an empty nal state
j ti can be calculated from time-dependent perturbation theoryand is given by
Fermi's Golden Rule as

R T)= 2 jH | (i°D(E); (2.12)
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where H in the matrix element is the perturbation to the Hamiltonian due to
the scattering mechanismj ;i andj ;i are both eigenstates of the unperturbed
Hamiltonian Hy, the density of nal states isD(E¢) and Ef = E; for elastic
scattering.

In a further work, Fahy et al. [13] developed a model based resonant scattering
for LCINS nitrogen distribution and Fermi's golden rule. Wihin the Lorentzian
approximation for the line shape for the weight of localisedtates the scattering
rate for carriers at energyE due to a N resonant state at energ¥y is given by

2 4 D(E),
~NC(E EN)2+ 2 Nc ’

R(E) = (2.13)
where N is the number of group-V atoms in the system and de nes the in-
teraction strength [13]. Here = 2D (En)=N is the imaginary part of the
energy, andD (E) is the density of states for the parabolic conduction bandta
energyEy . Using an n-band Hamiltonian based on Anderson's many impity
model, Vaughan and Ridley [34] also derived an expressiomsgar to Eq. (2.13)
for the N scattering rate.

Using the LCINS distribution of N states, shown in Fig. 2.2, & can calculate
the scattering rate due to this distribution of states. Fig.2.4 shows the calculated
energy dependence of the scattering rate for several di eteN compositions, with
the zero of energy in each case is taken to be at the bottom ofettGaNAs con-
duction band (equivalent to setting the lower eigenvalue dq. (3.1) as the zero
of energy). Using the scattering rate given by Eq. (2.13) anthe Boltzmann
transport equation in the relaxation-time approximation, Fahy et al. [13] calcu-
lated the electron mobility for bulk and quantum well GaNAs #dloys (shown by
the lower lines in Fig. 2.3). Nitrogen cluster states are foul to dominate the
scattering near the conduction band edge and play a cruciable in limiting the
electron mobility.

We will employ these resonant scattering rates in Chapter @tcalculate the
total scattering rate and drift velocity of carriers using te Boltzmann trans-
port equation. However, in Chapter 7 we will modify the methd of calculating
resonant scattering rate using self-consistent Green'sniction method.

2.4 High eld transport

The unusual band structure and strong scattering e ects of Nstates led to a
number of interesting proposals concerning high eld transort in dilute nitride

Dilute Nitride Semiconductors 16
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R(E) (10%* s1)

Figure 2.4: Scattering rate due to the distribution of N reseant states in
GaNAs;  for selected values ok.

alloys. It was proposed by Adams [14], that the strong pertiyation by N states,
leading to a band gap aboveéEy in the BAC model, would limit the ability of
electrons to gain higher energy from an applied electric @] and therefore the
impact ionization coe cient could decrease for electrons.Because the valence
band is largely unchanged, the hole impact ionization coeient should not be
a ected by the addition of nitrogen and therefore the supprssion of electron
multiplication should allow the production of low-noise agslanche photodiodes
(APDs) using these materials. This proposal motivated sona the work reported
in Chapter 6 in this thesis.

Measurements to date have shown that there are di erences the behaviour
of GaNAs and conventional APDs, but that there is no signi cat suppression of
the electron multiplication rate [52]. This experimental esult is consistent with
Green's function calculations using the LCINS model, whericluding the full
distribution of N levels tends to Il the gap observed in the BAC density of states.

Patané et al. [15, 22, 53 55] predicted and observed a strong negative ér-
ential velocity (NDV) e ect at high electric elds for x = 0:1% in GaNAs; .
They analysed theoretically the behaviour of carriers in gh electric elds by
solving dynamical balance equations [56]. This simple mddeglects the energy
distribution of electrons and energy dependence of resomah scattering. In or-
der to simplify the model, they also approximated the electn e ective mass by
an analytical expression that is tted to the mass at the botbm of the GaAs CB.
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The model predicted that NDV should persist and remain sigréant at higher
N compositions, contrary to later experiments by Suret al. [57] for GalnAsN
quantum wells with x = 1:0% andx = 1:5%. Our analysis in Chapter 6 shows
that the NDV is indeed possible at very low N composition{ 0:1%), but does
indeed become suppressed at higher N compositions, as N @aid cluster states
start to have a signi cant impact on the low eld mobility.

In order to develop a more sophisticated approach to calcuahot electron
transport, we need to calculate scattering rates, carriergup velocity and density
of states for all values of wave vectok. This limits the usefulness of the simple
BAC model that predicts a gap in the CB, and is not well behavedear the N
state energyEy . Vaughan and Ridley [32] derived an analytical function fothe
DOS that remains well-behaved around the nitrogen complexhergy level and
that can be used in high eld calculations.

Therefore, Sunet al. [57] performed a study of hot electron momentum relax-
ation in Gag.7Ing:3As; xNy quantum wells (with x = 1:0% andx = 1:5%), and
observed that the high eld drift velocity saturates at 1 10° m/s with no evi-
dence of NDV. Their simple model based on nondrifting hot pmmns con rmed
this behaviour. However in this model, they ignored the norgrabolicity of the
CB of the host semiconductor and only included optical scagting and an elastic
scattering mechanism, tted to the low eld mobility measurements.

Recent Monte Carlo calculations by Vogiatis and Rorison imstigated the
drift velocity variation with electric eld in GaNAs samples with very low N
composition ¢k  0:2%) [16, 58]. These calculations conrm a NDV at these
low N compositions, but these authors did not undertake anyedailed theoretical
analysis of GaNAs samples with higher N compositiorx( 1 2%).

In Chapter 6 we will solve the steady-state Boltzmann transprt equation in
bulk GaN,As; . Two di erent models of the conduction band structure will ke
studied to investigate the behaviour of electrons with in@asing electric eld in
these alloys: (1) carriers in parabolic andL bands are scattered by resonant
nitrogen substitutional defect states, polar optic and aagstic phonons, and in-
tervalley optical phonons; (2) carriers, constrained in ta lower band of the band-
anti-crossing (BAC) model, are scattered by phonons and byitrogen states. We
consider scattering both by isolated N atoms and also by a fullistribution of
N states presented by the LCINS approach (Fig. 2.4). For botimodels, we will
calculate carrier distribution, mobility and drift velocity. Detailed motivation for
the di erent models is given in Chapter 6.

Dilute Nitride Semiconductors 18
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2.5 Summary

In this chapter we presented an overview of the relevant bagkound to the theory
of the band structure, scattering and high eld transport that we will study in
this thesis. In the following chapters we begin in Chapter 3ybmodifying and
developing the BAC and Green's function models explained i 2.2. Then we
will compare the results of these models to supercell calatibns in Chapter 4.
In Chapter 5 we will study the band structure and the density 6 states using
the self-consistent Green's function method. Following th investigation of the
electronic structure, we will then examine scattering meemisms and high eld
transport in GaNAs dilute nitride alloys in Chapter 6, wherewe also compare
our results with the previous studies mentioned in sectior.3 and 2.4. We then
introduce in Chapter 7 a more sophisticated method to studyhte band structure,
mobility and scattering by nding the poles of Green's funcion method. We
compare the results of this method both with our methods prested in the
chapters of this thesis, as well as the results of other auttso We conclude that
this more sophisticated method addresses some of the issuesarlier works, but
also raises interesting questions which we do not fully rdge regarding the carrier
mean free path in dilute nitride alloys. We then return in chater. 8 to use the
BAC and LCINS models to investigate how optical absorption gectra should
vary with N composition in di erent dilute nitride alloys. W e conclude that the
absorption spectra are well described using the LCINS modd&lut we note that
the variation between di erent experimental measurementsn similar samples
make quantitative comparison di cult. Finally we summarise our conclusions
and give an overview of possible future directions in Chapt®.
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Chapter 3

Band anti-crossing model

3.1 Introduction

As we saw in Chapter 2, the rapid reduction in energy gap in Gais; x with
increasingx, is well explained in terms of a band-anticrossing (BAC) irgraction
between the GaAs host matrix conduction band (CB) edge and atsof N res-
onant defect levels above the CB edge [9]. The BAC model pretsi an energy
gap in the CB dispersion of GaNAs, above the N resonant stateergy, which
makes it di cult to investigate carrier transport in dilute nitride alloys such as
GaNAs. However, the density of states (DOS), measured [29d calculated
using a Green's function method [34, 35], indicates a llingf this gap.

In this chapter, we give more detail of some modi cations tolte BAC model
for GaNAs alloys. Firstin Y 3.2 we include N broadening e estby considering a
complex N energy. We also consider the shift in the N state die the interaction
with the host semiconductor CB. We show how this model can besed to calculate
the fractional character, the DOS and the band dispersiondr this model, where
the fractional character of a given state describes the prerties of the state
which projects onto the host matrix extended states. In Y 3.@e will extend
this model to include N-N pair states and to consider their gtsequences on the
DOS and the band dispersion in GaNAs;, ,. Finally in Y 3.4 we consider the
full distribution of localised states given by the LCINS appoach, and study their
impact on the DOS and band structure of dilute nitride alloyan a modi ed BAC
model.
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3. Band anti-crossing model

3.2 Two-level BAC model

The band anticrossing model was introduced by Shaet al. [9] to explain the
properties of 111-V dilute nitrides and other mismatched aloys. The BAC model
describes the electronic structure of dilute nitride mateal by considering the
interaction between the de-localised states of the host seonductor and localised
impurity states. It is well known that an isolated N atom introduces a localised
state with energy levelEy in conventional I11-V materials [8].

Here we modify the BAC model, given by Eq. (2.1), to include kb the broad-
ening of nitrogen states and the shift in their energy due tdeir interaction with
the CB states. We see that this modi ed BAC model is straightbrward to im-
plement and gives the same results to those previously ohtad by Vaughan and
Ridley [32, 33] and Vogiatzis and Rorison [35, 36] using tha€en's function (GF)
model. In order to implement this modi cation, the Hamiltonian of GaN,As;
can be written as 0 1

H=@" Ve 4 3D
Vne EQ+i

whereEy= E .+ ~?k?=(2m ) is the GaAs conduction band energyg? = Exn+ Ey
is the shifted nitrogen state energy, \ is the broadening of the nitrogen states;
and k are the reduced Planck constant and wavevector, respectiyem =0:067m,
is the GaAs e ective mass, andng is the free electron mass. In this chapter, all
energies are referenced to the GaAs conduction band (CB) edgnergyE.. The
coupling matrix element V. between the nitrogen and CB states depends on
nitrogen concentrationx, as Vyc.= X ¥ [6, 10], where we choose here=2:0 eV
as the interaction parameter [6].

The N energy,EJ in Eq. (3.1) diers by Ey from the original N energyEy,
that in this thesis we take Ey = 0:23 eV. This is because the interaction with
the CB states shifts the mean N energy. This energy shift carelcalculated from
second order perturbation theory as [13, 59]
# Emac jhkGVj i 2

Eyn =
N 0 E EN

D(E)dE: (3.2)
This shift is a ected by the maximum energy, Enax, that is assumed for the
conduction band dispersion.

Moreover, the magnitude of the imaginary part of the N energy y, has
been estimated using the Green's function method and secoodier perturbation
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Figure 3.1: Energy-wavevector dispersion relation f& and E., for GaNyAs;
with x = 0:5% (solid red line), calculated using Eq. (3.1). The broadémg of
the dispersion curves (green areas) illustrates the energycertainties. All the
energies are referenced t&., the bottom of the conduction band of GaAs.

theory as [13]

= DEDNe= VTS gy 33)
Here ap, and N, are the cubic lattice constant for GaAs, and number of group V
atoms in the system respectively, whil® (EJ) is the GaAs density of states at
ES.
The energies of the upper and lower conduction subbands, @éed by E. and
E , are given by the eigenvalue equation as

q
e ERti wtEC  (BRHT v EQTHAVE (3.4)

2 2

The solid red lines in Fig. 3.1 exhibit the lower and upper bats in the absence
of N broadening ( y =0), for GaNyAs; x with x = 0:5%. In this plot, we have
considered the shift inEy due to the interaction with a conduction band with
maximum energyEma. = 0:86 eV, that gives Ey = 133 meV. The energy
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uncertainties can be obtained for non-zero y as Egr E, , whereEr and
E, are the real and imaginary parts ofE , respectively. The green areas in
Fig. 3.1, represent this broadening of the dispersion relans. It is seen that the
energy broadening has its minimum value at the bottom of theolver band and
increases towards its maximum value as it approaches the Nagt energyEy . In
the upper band this energy uncertainty starts with its maxinum at the bottom
of the band and decreases towards zero by distancing frdgy, .

3.2.1 Fractional character

It can be useful both for optical and transport analysis to kow the fraction of
each state,f , which has host matrix extended state character. Using the-[2vel
band anticrossing model, the Hamiltonian of the system canebwritten as

2 2k 2 32 3 0 1
4 BLI* o We 54 Kszp@ “a; (3.5)

and therefore we have

2 2#

Ec(x) + k* We n = E (3.6)
and

Ve k+[ER +i n] n=E o (3.7)

Rearranging this equation we have:

VNc

= - : 3.8
NTOKEES 0y (3.8)

Multiplying Eq. (3.8) by its complex conjugate gives

. V2
JonIT=0 3 ; (3.9)
E EJ + 3

The normalisation condition implies

jWPtoNitE 1 (3.10)
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and thereforej j?, which we de ne as the fractional , f , character is given by
0 1,
f = %= @1+ < A (3.11)

3.2.2 Density of states
We can de ne the nonparabolicity factor (E) for a given band dispersion as

~2k2

(E)= om (3.12)
where for the 2-band BAC model given by Eqg. (3.1),(E) is
2
(E)= E E. Ve ; (3.13)

E (EQ+i n)

We consider now the 3D density of states for a supercell ofsiz®, which can be
calculated for energyE in the BAC model as

L3 k2

D(E)= 5% 3E=ak

(3.14)

The DOS projected onto the valley (host CB) states,D.(E), can be obtained
by multiplying D(E) by f for eachk value, and is given by the real part of

(2m )3:2L3 VI\%C 1=2
Du(E) = —=——E E . 3.15
Cb( ) 4 2.3 C E (E,(\)I + i N) ( )
— (2m )3:2L3 1=2 .
= Ty am (E):
For Vyc = 0, we recover the usual GaAs DOS
2m )33 _
Dgaas(E) = %(E Ec)'™: (3.16)

If we denote the real and imaginary parts of (E) by ( E) and ( E), respectively,
Eq. (3.15) can then be written as

2 | 1,31=2
— s 1=2
m 32

Den(E) = md'( E)+ *E)+ *E) 5 ; (3.17)
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Figure 3.2: The density of states versus energy for GaRs; 4, with x = 0:2%
calculated for the 2-level BAC model, with and without incluing the N broad-
ening where shown by the solid blue and dashed red lines, resfively. The

dash-dotted green line shows the DOS of GaAsg € 0).

where the real part of (E) is

2 0
(E)= E E. (EVNC(EEg)ZEN)ﬁl; (3.18)

and its imaginary part is given by

Vl\%c N .
(E)= E E0R+ 7 (3.19)

Eq. (3.17) is very similar to the DOS calculated by Vaughan ah Ridley [34]
using the Green's function method. In this method the DOS isigen by

1 X
ch: — :[Gkk(E)]; (320)
whereGy (E) is the Green's function given for instance by Eg. (2.5). Th&reen's
function in terms of ( E) and ( E) can be written as
# 1

G«= (E) Ex i(E) (3.21)
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with its imaginary part then given by

(E)

=[G = .
Gal= ) B2 r (E)

(3.22)

Figure 3.2 compares the DOS of GafNo2ASo:908, Calculated by the simple BAC
model ( y = 0) and the BAC model including the nitrogen states broademig
calculated by Eq. (3.3) ( n = 16 meV). The dash-dotted green line in this plot
displays the DOS of GaAs in the absence of N. It is clear thattimducing N atoms
in GaNAs pushes the conduction band edge (CBE) to lower enéeg. The usual
BAC model predicts a gap in the DOS as shown by the dashed reddiin this
gure. However, including broadening of the localised stas caused this gap to
be lled in. Although this is in agreement with Green's functon calculations [34]
and experimental studies [29], we will see later in Chapterusing a self-consistent
Green's function model that the gap should not be lled in a devel model, but
is rather lled in experimental measurements due to the disibution of N states
in actual samples.

3.2.3 The DOS projected to a single  k state

In the BAC model the DOS projected onto a singld state, can be calculated as

Dy,=d + d, where
i2

b

= ; 2
d (E Ep )2+ 2 (3.23)

whereE, = <[E ] and = =[E ] are the real and imaginary parts ofE
calculated from Eqg. (3.4) and the fractional character, , is given by the rst

coe cient of the corresponding normalized eigenvector. Eq3.23) is equivalent
to (1= )=[Gk(E)] in the Green's function approach, where=[Gy (E)] is given
by Eqg. (3.22). Fig. 3.3 shows the DOSD,, projected onto single momentum
statesk, for all ranges of energ\e and wavevectork. It is seen that the band is
split strongly into two bands, so that for instance the DOS pojected onto a state
with k = 0 has a large peak below the GaAs CBE and another small peak @it
E = 0:25 eV. However between the two peaks the DOS has always a nanze
value, meaning that the lower and upper bands, in this modesre connected via
the overlap of the DOS of individual states. By increasing t# GaAs CB state
energy, both peaks appear at higher energies, but the charter of lower one
decreases while that of the upper one increases.
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3. Band anti-crossing model

Figure 3.3: The Density of states projected onto selected @a jki states, for all
k-states calculated using the BAC model for GapAs; 4 with x = 0:5%.

3.2.4 The band dispersion

Figure 3.4 shows the conduction band dispersion for GabhsASo.995, Calculated
using Eq. (3.23). Actually this gure is a top view of Fig. 3.3 It can be seen that
the band dispersion follows that of the BAC model of Eq. (3.1jdashed white
line in Fig.3.4), but with two notable di erences. Firstly, the dispersion at each k
point is broadened over a range of energy values, with the ladening increasing
close to the nitrogen resonant state energ¥y. Secondly, thek character of
the states in the lower band decreases towards zero with ieasingk value, as
the band approachesy. (This also occurs but has generally been ignored in
analyses based on the BAC model.)

The energy broadening in Fig. 3.4 in principle allows a mearier electrons
which are being accelerated in the lower band to scatter intthe upper band.
However, we will see later that such a distribution of stateshould not be ex-
pected in the 2-level BAC model when using a self-consiste@reen's function
approach [60].
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Figure 3.4: Energy-wavevector dispersion relation in themd-band BAC model
for GaN,As; « with x = 0:5, while eachk states is broadened by its DOS.

3.3 Three-level BAC model

The BAC model successfully describes many of the electropioperties of GaNAs
alloys. However, as mentioned earlier in Y 2.2, theoreticahd experimental stud-
ies show a range of resonant defect levels close to the CBE iaNzAs; «, due
to the formation of N complexes which are ignored in the conmgonal BAC
model. Experimental studies of dilute nitride alloys with ery low N concen-
trations, have shown a range of resonant defect levels abdixe CBE due to the
formation of N complexes. These include, for instance, thajp N-N states, where
a Ga atom has two N neighbours, that gives a resonant defecié close to the
CBE of GaAs [7, 61, 62]. The empirical pseudopotential calaiion by Kent et
al. [51, 63] and tight-binding studied by Lindsay and O'Reilly 11] have found
similar nitrogen resonant states.

Healyet al. [21] investigated the e ect of N-N pairs by introducing a thee-level
BAC model, incorporating isolated and pair N states and theiinteractions with
the host semiconductor CB level. In this model the Hamiltorin for GaN;As;
is given by 0 1

Enn (X) 0 Viine (X)
H = % 0 En(X) Wne(X) €5 (3.24)
Viune (X)  Vne(X)  Ec(x)
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Figure 3.5: Energy-wavevector dispersion relation in 3-nd BAC model for
GaNyAs;  for di erent values of x.

where the energies of the isolated N levély, N-N pair state Eyy, and the
conduction bandE., are obtained from

Enn (X) = Enno N X; (3.25)

En(X)= Eno  n~NX (3.26)
“‘2k2

Ec(X)= B oX+ o (3.27)

where m is the e ective mass of the host semiconductor, and the intaction
parametersVy. and Vynce also vary with compositionx as

Wne (X) = N P XNN ; (3.28)

We(X) = P XN (3.29)

where Xy and xyn are the concentrations of single and pair states of nitrogen
respectively, and are determined by

XNN = 6X2 and XN = X 2XnN - (330)

The parameters we have chosen are [21Eno = 1:706V, Eyno = 1:48&V,
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3.3 Three-level BAC model

Ec(GaAs) = 1:51®V, yny = 2:6%V, y =197V, =2:1leVand \ =
0:22eV.

Figure 3.5 shows the calculated wavevector dependence ofergy for
GaNyAs; « for x = 0:2% and 10%. We see that by increasing the nitrogen
concentration x, the energy of the lowest conduction band shifts to lower val
ues, the middle band width reduces slightly, and the upper Ina shifts to higher
energies.

Healy et al. [21] showed that for low temperatures, at low N composition
(x =0:1 1:0%) the band dispersion can be well described using a 3-leBAC
model, while at higher concentrations the e ects of longerange N-N interactions
need also to be considered [35].

However, the three-level BAC model given by Eq. (3.24) doe®ninclude the
N state broadening and shift. In order to modify Eq. (3.24) wean replaceEy
and Exyy by EQ + y andEQy + wn ., respectively. HereES = Ey +  Ey,
where Eyn and | are given by Egs. (3.2) and (3.3), respectively. In a similar
way the shift, Eyn for the pair N-N states is given by

# Emac jhkGVj i 2

Enn = E B D (E)dE; (3.31)
and the broadening is given by
2m 3=2,3 _
o= D(E )Nz TR gy e (332)

3.3.1 The DOS in the 3-level model

The density of state in the three-level BAC model, includinghe N broadening,
can be calculated by Eq. (3.17) but we need to add terms corpemding to N-N
pairs to Eq. (3.18) and Eg. (3.19) as

— VI\%C(E EI(\)I) Vl\%NC(E EI(\)IN) .
(B)=E B & e+ 2 € EQe+ 2 O3
and ) )
(E)= Ve Viine _nw : (3.34)

(E EQ)?Z+ & (B EQn)2+ R
The red line in Fig. 3.6 displays the calculated DOS for GaMs; x with x = 0:5%
in the 3-band model, including localised state broadeninglhe energy shift and

broadening of isolated N and pair N-N states are calculatedsing Egs. (3.2),
(3.3), (3.31) and (3.32), respectively, as: y = 15:6 meV, Ey = 128meV,
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Figure 3.6: The comparison of the DOS for GafdosASe.g95 IN the 2-band and
3-band models.

Ny =6:5meV, Eyn = 345 meV.

The dashed blue line in this plot shows the DOS calculated irhé 2-band
model. We see that the inclusion of N-N pair shifts the CBE tolghtly lower
energy, and also around the N-N pair energ¥ny , the DOS deviates from the
DOS predicted by the 2-band model. As the N-N pair energy isage to the GaAs
CBE, inclusion of such states can have a signi cant e ect onasrier transport
calculations, as we will discuss later in Chapter 6.

3.3.2 Band dispersion in the 3-level model

Moreover, the DOS projected onto each single momentum statan be given by
Egs. (3.23), (3.33) and (3.34). Having calculated this DO®f all k states we can
plot the band dispersion. Fig. 3.7 shows the dispersion réian of GaNg.qo5ASe:995
in the three level BAC model, when eaclk state in broadened by its DOS, given
by Eg. (3.23). Overall the behaviour is similar to what we sawn the 2-band
model, but here we have another gap related to N-N pair states
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3.4 The LCINS model

Figure 3.7: Energy-wavevector dispersion relation in théhtee-band BAC model
for GaNyAs; « with x = 0:5%, while eachk states is broadened by its DOS.

3.4 The LCINS model

The two and three level models are however oversimpli ed, bause they omit the
detail of the distribution of N states which are present in a@wial GaNAs samples.
We can extend these models to consider a distribution of N ¢&s. In the LCINS
model we considemn nitrogen states with energyE; in a volume containing N,
group V atoms. The Hamiltonian for this (n+1)-state model ca be written as

0 P P p__1
V1: N_C E](_)+ 1 0 0
H=Bw="N. o E%+ , 0
P 0
Vi= N 0 0 E°+

J
(3.35)

where V, P N, is the interaction and Ej0 = E; + E; represents the energy of
the j th localised state, with broadening |, that in a similar way to Y 3.3 can be
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Figure 3.8: The density of states for GapMAs; x with x = 0:1%, Q5% and 20%,
calculated using the Green's function and the full LCINS disibution of N state
energies.

calculated from
i = D(EP)=Nc: (3.36)

Also the shift in the localised state energy is given by

# Enar jhjVjjij 2

E =
: 0 E Ej

D(E)dE: (3.37)
We can then solve the Hamiltonian of Eq. (3.35) including thelistribution of N
states in the LCINS approach [13], as discussed in Y 2.2.2.this thesis we use
the LCINS distribution calculated by Lindsay, O'Reilly and Fahy [11, 17], as
shown in Fig. 2.2 for selected N concentrations.

3.4.1 The DOS in the LCINS model

The DOS projected onto the host semiconductor CB states careldfound using
Eq. (3.17), or equivalently using Eq. (3.20), with (E) given by
VX (E E

(E)=E N_c,- E E9+ J_2; (3.38)
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3.4 The LCINS model

Figure 3.9: Dispersion relation for GaMNAs; , with x = 0:5%, calculated using
the Green's function and the full distribution of N state enegies.

and its imaginary part given by

2X
(3.39)

(B)= - L
Ne | (E ED2+ ?

Figure 3.8 shows the DOS calculated using the LCINS approatbr GaN,As;
with x = 0:1%, 05% and 20%. It is seen that the dips just above the isolated
N state energies are smaller than in the 2 and 3-level modeklso, the higher N
composition pushes the CB minimum to lower energies. In adain a shoulder

can be observed in the DOS at lower energy, particularly in #05% case, due
to the increasing number of N pair states as the compositiondgreases.

3.4.2 The band dispersion in the LCINS model

Having calculated the DOS projected onto alk states, we can plot the dis-
persion relation in the LCINS model. Fig. 3.9 displays the bal dispersion
of GaNp.gosAS0:995 Calculated using the LCINS approach and the Green's func-
tion method, where eachk state has a broadened projected DOS to that state.
This plot is similar to the band dispersion calculated usinghe three-level model
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3. Band anti-crossing model

(Fig. 3.7). However, the inhomogeneous broadening of the kate energies,E;,
leads to an increased energy broadening at eaklpoint, while the BAC energy
gap is clearly lled in by small contributions from a range ofk points to the
density of states at each energy.

3.5 Summary

In this chapter we provided a detailed overview of the BAC maal, and of a num-
ber of the ways in which it can be adopted to provide a more detad description
of dilute nitride alloys. We rst reviewed how the BAC model @an be modi ed to
include the N state broadening and energy shift, calculatedespectively by the
imaginary and real part of the energy change in second perhation theory. We
saw that including this broadening in N states leads to a ling the gap predicted
by the usual BAC model. We also overviewed the e ect of N-N p&s in Y 3.3.
Later in Y 3.4 we included the full distribution of localisedtates presented by the
LCINS approach, in an (n+1)-band model. In the next chapter w will examine
in more detail the accuracy of the BAC model when solving the #derson simple
impurity model of Eq. (2.2) to describe the band structure oflilute nitride alloys.
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Chapter 4

Supercell model

4.1 Introduction

We investigate here, the accuracy of the BAC model in descnig the band
structure of GaNAs, including the electronic structure bah away from and close
to the N resonant state energy. We directly solve a simpli edandom impurity
model Hamiltonian for a very large supercell of GaNAs. We aallate the exact
eigenstates of this Hamiltonian, and compare their behawio with that predicted
by the BAC model. We calculate the fractional character, paticipation ratio
and the density of states in the supercell, and compare thesesults with those
calculated in BAC model to examine the validity of BAC model. Our results
con rm the validity of the BAC model to describe states whoseenergy is well
separated from the N resonant state energy. Our results alshow that states
with energy close to the N level energy are likely to be locaéd, implying a
breakdown in the k selection assumed in the BAC model for such states. We
discuss brie y the consequences of this state localisatiéor electron transport at
high electric elds in dilute nitride alloys.

4.2 Supercell model

In order to test the BAC model, we consider a large supercelff side length
L, with M randomly placed nitrogen states in the supercell. Using theany-
impurity model [31, 34, 35], the Hamiltonian of this system an be written fol-
lowing Egs. (2.2) to (2.4) as

H = Egkihkj+ Enjjihjj+  Vae €¥Rijkihjj+ e ®Rijjihkj ; (4.1)
k j=1 kij
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4. Supercell model

where the rst and second terms describe the energies of extied and localised
states, labeled by wave vectojki and position vector jji, respectively. The
last term represents the interaction between the extendednd localised states,
whereR; is the position of thej -th N atom, k=( ky; ky; k;) is the wavevector, and
Wne= =N 2 is the interaction parameter.

The rst term in the Hamiltonian in Eq. (4.1) describes the het matrix CB
states satisfying periodic boundary conditions in the supeell, given by

) (4.2)

1 :
neinying = exp i2 (

Xy vy | N2z
(I—xl—yl—z)l:2 X

L Ly L,
with energy equal to
2 I 3
= 4 X + — + L_ S+ Ec; (43)

EnxnynZ

whereny, ny, and n, are quantum numbers in thex, y and z directions, respec-
tively. We include in our calculations all host states with aergy En nyn,  Emax
whereE =4 2~?1°2=(m L?), and | is a positive integer.

The second term in Eqg. (4.1) describes the M nitrogen states the supercell,
where M=xN.. In each cubic unit cell volumea3, we have 4 groupV atoms.
So for a supercell with side length. = L oay, we haveN.=4L3 such atoms. Thus,
for GaNyAs; «, Xx=M=N =M=4L3, and V.= = (4L3)*™. For most calculations
described below, we took a 4 million atom supercell {=100), adding M =8000
N atoms, and choosing=11, so that E . =0:857 eV, with the zero of energy at
the GaAs conduction band edge energ¥..

As mentioned in Chapter 3, the N energyEy in Eqg. (4.1) diersby Ey from
the value EJ in Eq. (3.1), because the interaction with the CB states shi the
mean N energy. From Eq. (3.2), Ex= 133 meV when we choosgy =0:23 eV
and E . =0:857 eV.

Using the HamiltonianH we can then calculate directly di erent parameters
for the chosen supercell. In the rest of this chapter, we calate for supercell
states their fractional factor, the density of states, andwave function partici-
pation ratio for GaNyAs; « with x=0:2%, and compare the results with the BAC
model.
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1 ‘
+ Supercell
"”y. mmm DENZO, DN:O
0.8 - .. DE~13.3 meV, D, =0
. —DE, =13.3 meV,D =16 meV
N N
__ 06 |
S
O
- %
0.4- P
;.:.i:
E
0.2f
0 : B\ 022 024
0 0.1 0.2 0.3 0.4 0.5

Figure 4.1: Fractional character of the energy eigenstatein ax=0:2% calcula-
tion for cell sizeL=100a, (blue dots), compared with results from the BAC model
when (i) ignoring the shift and broadening in N energy (dasliegreen line), (ii)
including the shift in Ey (dash-dotted brown line), and (iii) considering the shift
and broadening inEy (solid red line). All energies are referenced to the GaAs
CBE. The inset shows the details of the same plot around nitgen energyEy .

4.3 Fractional character

The supercell conduction band stategi, are a linear combination of the original
GaAs conduction band stategki and localised stategji. We can calculate the
fractional character f of a supercell eigenstate by summing the CB state
weights, jhkjcij? over all k, wheref provides a measure of the host matrix
character of a given state. f is equal to the ratio of the GaAs to the alloy
e ective mass. The blue dots in Fig. 4.1 show the characteralculated for the
large supercell of sizé =100, with M =8000.

In the BAC model ignoring the N broadening ( y = 0), the conduction band
weight at energyE for the upper ( ) and lower band ( , ) can be calculated
by q__

(= QO =2 (4.4)
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where , is
(Ex  ER)

(ES E2+4VE

- N

p— H

(4.5)

The dashed green line in Fig. 4.1, shows the variation 6f = j , j? calculated
using the 2-band BAC model of Eq. (3.1) with EN=0 (Ey=0:23eV)and y =
0, where , is the amplitude for E of the BAC eigenstate on the hosk state
given by Eq. (4.4). The dash-dotted (brown) line in Fig. 4.1sows the 2-bandf
when we include this shift £2 =0:2167 eV). Very good agreement is obtained over
a wide energy range between the supercell calculation andetBAC model with
shifted N energy in Fig. 4.1. It can be seen however that for ergies just below
En the numerical results move toward the BAC model result with e original
unshifted N energy.

In order to consider N broadening when calculating fractiaal character, we
can use Eg. (3.11), as obtained in Chapter 3

0 1,
f =@ + 5 A (4.6)

The red solid line in Fig. 4.1 show$ calculated using Eq. (4.6), and with Ey,
and | calculated using second perturbation theory, as discussedChapter 3.
This result shows much better agreement with the supercelblculation, but for
energies close t&y, there are still some discrepancies between the superceltia
BAC models.

4.4 Density of states

4.4.1 The DOS projected to a single state

The density of states projected onto a single CB momentum @gstate (,; ny; n;)
is given by «
Drneinyin. (E) = (E Ei)jainx;ny;nzjz; (4.7)

i
where ainx;ny;nz is the amplitude of thei™ wave function on the given CB state.
We use a Gaussian function with broadening parameter3 meV to represent
the -function. The solid blue lines in Fig. 4.2.(a) show how theahsity of states
projected onto the individual k states varies with increasing energi of the k
states. The dashed red lines in this gure display the resudtcalculated by the
BAC model. As we discussed in Chapter 3, the DOS projected @ana singlek
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Figure 4.2: (a) The Density of states projected onto selecteGaAs jki states,
calculated using the BAC model (dashed red lines) and usinge numerical model
for a box with L,=100, =11, M =8000, x=0:2% and =3 meV (solid blue lines),
and the BAC model (dashed red lines). Arrows show the ener@y of the original
k state, and dotted line displays the N energyky (=0.23 eV). (b) The same plot
at very low DOS values.

state is given by Eq. (3.23). Overall we see a good agreemesmteen the BAC
model (with energy broadening and shifted N energy) and ouupercell model
eigenstates. Small di erences are observed near the CB edg§g=0. However,
for Ex near the N state energy, the results of the BAC model are verynsilar to
the supercell calculations. A strong splitting of bands iseen especially near the
N state energy.

However, the BAC model does not reproduce all the details ohée DOS.
Fig. 4.2.(b) (on the right hand side), shows the same plots bwn a scale to
highlight the regions with a low DOS, where the two models doat agree well.
Despite the very good agreement between the BAC and supetamlodels at the
peaks of the DOS, their details far from the peaks are di erénlIn fact the super-
cell model predicts a small gap arouné&y , while the BAC model incorrectly lls
this gap. We shall return to discuss the details further foliwing the introduction
of a self-consistent Green's function method in the next cpéer.
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Figure 4.3: GaAs DOS calculated for a supercell with=100a, (solid line) and
analytically (dashed line).

4.4.2 Density of states projected to CB

We consider now the 3D density of states for a supercell ofsiz3. We showed in
Chapter 3 that this is given for the BAC model by Eq. (3.15). Tle DOS projected
onto the GaAs CB states, in the supercell calculation, is

Du(E) = (B Ejalf? (@.8)
ik

Figure 4.3 shows the DOS of GaAs in the absence of N, determdnby the
numerical calculation for the supercell withL=100a, =11 (Enhax =0:857 €V), and
a Gaussian broadening=20 meV (solid line), compared to the DOS calculated
analytically by Eq. (3.16) (dashed line). As expected veryapd agreement is
observed in this gure, con rming the validity of our supercell calculation. The
uctuations in the numerical result arises because we onlyaory out calculations
for superlattice wavevectorg= 0. The DOS could be further smoothed either by
carrying out calculations over the full superlattice Brilbuin zone {q.j;jq,j; o] <
=(Loay)), or else by further increasing the box sizd, .

The solid red line in Fig. 4.4 shows the DOS projected onto tHeost CB states
for a GaN(As; 4 supercell with x=0:2% and E,.x=0:857 eV. This is compared
with the projected DOS from the BAC model of Eq. (3.15) withEnax=1 , with
(blue, dashed) and without (brown, dash-dotted) broadenig. The unbroadened
DOS in the BAC model has an (integrable) divergence a8 approaches the N
state energy, due to the in nite set ofk values allowed for in Eq. (3.1). The DOS
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Figure 4.4: The DOS projected onto the GaAs CB states for Gglds; x with
x=0:2%; obtained from (i) the BAC model with and without N broadenng, and
assumingEax =1 (dashed red and dash-dotted brown lines, respectively),)(ia
supercell calculation including 8000 N (solid red line), ah(iii) a Green's function

method with E o =0:857 eV (green dots). Energies are referenced to the bottom
of the GaAs CB, andEy is taken to be 0.23 eV.

calculated in the supercell model agree well with the BAC rakts for energies
far from Ey. However, for energies arouné the BAC model with an in nite
CB predicts a much higher DOS than the supercell calculation In order to
con rm the e ect of the in nite CB on the DOS calculated by Eq. (3.15), we also
use the Green's function approach to calculate the DOS prajed onto the host
semiconductor CB states. The green circles in Fig. 4.4 shoiet DOS calculated
using the Green's function method by Eq. (3.20), with a cut-oenergy equal to
that for the supercell calculation. A much better agreemenis observed between
the supercell and GF calculation with the same cut-o energyHowever, contrary
to the Green's function and BAC method, the supercell calcation shows a gap in
the DOS of GaNAs alloys. But, this gap is much smaller than thene predicted
by the original BAC model without N broadening (shown by the @sh-dotted
brown line in this gure). The DOS calculated in the supercélmodel in Fig. 4.4
con rms the gap already seen in the DOS projected onto singieomentum states
in Fig. 4.2, in disagreement with the Green's function appmxh (equivalent to
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Figure 4.5: The total DOS calculated for Galyoo2ASo:998 Supercell for a box with
L = 100ag and = 1 meV (solid blue line), compared with the results of the
BAC model with(dash-dotted line) and without (dashed greerine) the shift in

En. The dotted blue line shows the numerical DOS projected ontihe host CB

states. The inset shows the details of the same plot at lowealues of DOS.

the BAC model with N broadening  and a maximum conduction band energy,
Emax = 0:857 V).

4.4.3 Total density of states

The total DOS in the supercell calculation is given by

Daoy ()= (E Ey) 4.9)
|

In the BAC model the total DOS can also be found by dividing thé&dOS projected
onto the CB by the fractional factor, Daoy = De=f . The red solid line
in Fig. 4.5 shows the numerical results of total DOS calculat for a box with
Lo =100, | =11, and including 8000 N atoms X = 0:2% andE.x = 857 meV).
Near to the N energy,Eyn, the DOS projected onto the N states is clearly much
larger than the DOS projected onto the host CB states (dottedblue line). The
dashed green line in this plot shows the total DOS calculated the BAC model
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ignoring the shift in Ey while the dash-dotted black line includes this shift, Ey .
We see that the BAC model with the shifted N energy predicts aocrect total DOS
for energies far fromgy . However, just below the N energy, in the low energy
side of the peak in the total DOS, the BAC model with unshifted\ energy gives
better agreement with the numerical results. In addition, he BAC model with
constant broadening  lls in the gap that is observed in the supercell model
calculation.

4.5 Participation ratio

We investigate the degree of localisation of each state bylcalating the partici-
pation ratio L for the CB part of each wave function, given by [64, 65]

z
v drj f(njt

L(Ei) = OZ Y 71

@ drj (A
\%

(4.10)

where (r)= P « al exp(k:r), and V=L2a} is the supercell volume. Fig. 4.6
shows the calculated participation ratio for all states in asupercell with length
L =50, containing M =1000 N, (x=0:2%) and with I=12. The stronger the local-
isation, the larger the participation ratio. To compare wih the BAC model, the

80 (a) ‘ : E |‘ ‘ :
PN ° E+O
°
— 60" i -
.S '
© :
c E
2 40 : :
< :
% o,
820 " %i° 1

P16 018 02 022 024 026 028
E (eV)
Figure 4.6: Participation ratio calculated from Eq. (4.10)or the supercell of size
Lo=50, with M =1000 and|=12. Vertical lines display band edges predicted by
the BAC model with E,=4:08 eV.
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4. Supercell model

maximum of the lower bandEg, and minimum of the upper bandE.q, are indi-
cated on the gure. The larger values of_(E) in the BAC gap indicate that the
states in this energy range (which have predominantly N chacter) are localised,
in agreement with the experimental analysis of Patanét al. [15, 22]. Note that
in this gure the gap predicted in earlier calculations is led because of a very
high cut-o energy (Emax = 4:08 eV). We conclude, given the large density of
N-related states near the N energy in Fig. 4.4(b) and the lotised nature of these
states from Fig. 4.6 that we may need to use a hopping transganodel to de-
scribe conduction through such states when investigatingdh eld transport in
dilute nitride alloys.

4.6 Summary

We have shown by direct comparison with a supercell model Hadtonian that
the BAC model provides a good description of the electronidracture of dilute
nitride alloys at energies which are well separated from thd state energy. For
simplicity, we have neglected the e ect of nitrogen pairs olarger clusters, that
would provide further perturbation and localisation in comuction band of the
host semiconductor [7, 24]. Our calculations show that thde=tronic structure
deviates from that predicted using the BAC model close to th&l resonant state
energy, due to the nite density of N-related states, and caier localisation e ects
(breakdown ofk selection). We conclude that it may be necessary when moahgji
transport to consider hopping through the N states, at energs close to the N
resonant state and BAC energy gap range.

Our results for the fractional character and total DOS suggst that we need
to consider the energy dependence ofEy (E) and n (E) instead of a constant
shift in the N energy, Ey, and N broadening, . We introduce in the next
chapter a self-consistent Green's function method to do so.

Dilute Nitride Semiconductors 46



Chapter 5

Self-consistent Green's function
method

5.1 Introduction

In previous chapters we have seen that the BAC model gives aggbexplanation
of many aspects of the electronic structure of dilute nitrid alloys, such as the
strong reduction in the energy gap with increasing nitrogeroncentration [9].
Also, the dispersion relations calculated by the BAC modeklose to and above
the CBE is in good agreement with experiments in samples witrery low x [22].

However as we saw in previous chapters, there is no maximunt-cuwavevec-
tor, k¢, in the BAC model, Eq. (3.1), which introduces errors in the dnsity of
states (DOS) and in high- eld mobility calculations [66]. Firthermore, the BAC
model considers only isolated N states, and ignores statessaciated with N
pairs [7], where a Ga atom has two N neighbours, as well as iging states asso-
ciated with larger clusters of N atoms [51, 63]. Such pair anduster states have
been shown to be very important for determining the band edge ective mass
and transport properties of GaNAs alloys [13, 66].

Wu et al. [18] and then Vaughan and Ridley [32] developed the Greenist-
tion method to investigate the band dispersion and densityfostates in dilute
nitride alloys, treating the N state energy broadening in tens of a constant
imaginary energy shift Ey, which arises due to the N states introduced being
resonant with the host semiconductor conduction band. Vaign and Ridley cal-
culated the DOS of GaNAs in the two and three band models (inatling isolated
N and pair, N-N, states), introducing a Lorentzian functionto represent the N
broadening. They assumed the same constant broadening egefor both N and
N-N states [34]. Vogiatzis and Rorison [35, 36] have also dted the Anderson
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5. Self-consistent Green's function method

model using Matsubara Green's function method and calculed the band struc-
ture and density of states of bulk and con ned quantum well ath quantum wire
GalnNAs structures.

In chapters 3 and 4, the model of Vaughan and Ridley was modudeby calcu-
lating both the real and imaginary parts of the nitrogen sta¢ energy shift, Ey,
using second order perturbation theory. This approach leadto a lling of the
gap in the DOS of GaNAs, even in the 2-level BAC model, in agneent with
measurements [29]. Although these results agree well withpercell calculations
for energies far from the N energy levety , there are some disagreements close to
En, indicating the need for a deeper investigation of the engrghift obtained in
the Green's function calculations of the band structure ofitlte nitride alloys. We
show here that there are some aspects of the usual Green'sdiion approach that
introduce errors that can become signi cant, especially vén treating high- eld
mobility.

Here we modify the Green's function (GF) method developed byaughan
and Ridley [33, 34] by introducing an energy-dependent cortep energy, E;(E),
where the real and imaginary parts of E; indicate the shift in energy and broad-
ening, respectively, of the localised states due to the eggrdependence of the
alloy density of states. In previous chapters we used constavalues of<[ Ej]
and =[ E;] as the real and imaginary parts of the energy shift, calculed using
second order perturbation theory. Here we rst calculate arenergy-dependent
broadening E;(E) using a Self-Consistent Green's Function (SCGF) method,
in which the energy shift of the nitrogen states and the condation band density
of states are calculated self-consistently. We then invégate the e ect of the
energy-dependent broadening on the calculated DOS of GaNAs

In this chapter two models are considered; (1) the 2-band meHd(assuming
all N states have the same energy) and (2) hinear Combination of | solated
Nitrogen States (LCINS) model [11, 17], which allows for interaction étween
N states on nearby sites as well as inhomogeneous broaderamgl produces a
distribution of N state energies. We compare the SCGF ressltfor the 2-band
model with those calculated using the BAC model, and also wviitthose calculated
using the supercell approach of Chapter 4, where we solvecdetBingle particle
Hamiltonian for a very large supercell containing randomlylaced N states.

In the two-band model, the usual Green's function method (wh constant
nitrogen state broadening Ey) predicts a continuous DOS in the CB with no
gap, whereas the self-consistent Green's function methotvgs a gap in the CB,
introduced above the N energ\Ey, that increases in magnitude with increasing
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5.2 Self-consistent Green's function method

N concentration x.

When the self-consistent approach is used with the full LCIS model, it can be
used to calculate the energy shift E; (E) for each localised statg¢ as a function
of energy. This should lead to a more accurate treatment of ¢hband structure
in dilute nitride alloys, with the inhomogeneous broadenig of the N states in
the LCINS model then playing a critical role in determining he behaviour of the
band dispersion at energies close to the N resonant state ajies.

In the next section we introduce the self-consistent approh to treating the
Green's function and show how to nd the energy-dependent ergy shift E; (E).
We then present in Y 5.3 the results for the DOS, projected anextended and
localised states, and the band structure for the two-level G5F method. We
benchmark our two-band model results by comparing them witlsupercell cal-
culation results to con rm their validity. Afterward, in Y 5.4 we include the full
distribution of LCINS states and investigate the consequees of this broad distri-
bution of localised states for the DOS of GaNAs alloys. We then Y 5.5 compare
the band dispersion of the two-band and LCINS model, calcukd by the SCGF
method for GaNAs; «. Finally we discuss and summarise our conclusions in
Y 5.6.

5.2 Self-consistent Green's function method

In Chapter 2 we saw that in the many impurity Anderson model, he Hamiltonian
for a set of localised N states interacting with the host maix conduction band
states using Egs. (2.2)-(2.4) can be written as

X - . - X/l P . . X 1 IkR. . - . ik-Rj... -
H = Exjkinkj+  E;jjihjj+ 19W V€5 jkihj j+V; e " jjihk] o (5.1)
k j=1 K;j c

The exact solutions of the Hamiltonian in Eq. (5.1) can be olained from the
Green's function [30]

: ;21
_ 1X Vi -
Gkk(E) - : E Ek N_C j E Ej Ej (E), y (52)
where the (complex) energy shift of each localised states given by
P2 X
£ (E)= L7 Gu(E): (5.3)
C k
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5. Self-consistent Green's function method

The Green's function of localised state§;; in addition is given by

1
Gj (E) = : 5.4
When all the localised states have the same energy; = Ey, the same
interaction parameter valueV; = , and have an atomic concentratiornx, Eq. (5.2)
becomes 8 9 ,
< =
Ve
Gw(E)= . E E ; 5.5
w(E) = . < E Ex Ev(E): (5.5)
and Eqg. (5.3) becomes
2 X
En(E)= T Gw(E): (5.6)

where the coupling matrix elementVy. between the nitrogen and CB states in
Eg. (3.1) then depends explicitly on nitrogen concentratio x, as Vy.= x ¥ [6,
10].

Equations (5.2) and (5.3) do not in general admit an analytal solution. How-
ever, by assuming all the localised states have the same @yelnd by assuming
that E;(E) can be approximated by an imaginary constant broadening engy
I j, Wu et al. [18] solved the Green's function, using Anderson's many-purity
model in the coherent potential approximation [31]. Vaughaand Ridley [32, 33]
generalised this method to include additional nitrogen chters such as N-N pairs
sharing a nearest neighbour Ga ion, with the Green's functioGy, given by [30]

8 9 ,
< 1 X J\/JJZ =
Nc

Gw(E)= E E _ ; 5.7
w(E) = . K E B+ (5.7)

J
Vaughan and Ridley [34] then calculated the density of staseof GaNAs from the
imaginary part of the Green's function, assuming ; is constant and the same for
all N levelsE;. In Chapter 3 we extended this model by approximatingsy (E)
in Eq. (5.3) by G), =1=JE  E(], that still allowed an analytical solution.

Here, we go beyond these previous approaches and apply the&r's function
method, taking fully into account the modi cation of the conduction band (CB)
Green's functionGy (E) that is induced by its interaction with all localised states.
This requires us to solve Egs. (5.2) and (5.3) self-consistly.
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5.2 Self-consistent Green's function method

5.2.1 The density of states

It can be shown that the density of states projected onto thedst semiconductor
momentum states is given by [34]

1 X
D(E)= - =[G (E)];

(5.8)
k

and the density of states projected onto the localised stagas given by

1 X
Dic(E) = = =[G; (B)]; (5.9)
J

where Gy and Gj; are calculated by solving equations (5.2) to (5.4) self-

consistently. Eqg. (5.8) can be written, by replacing the sunover k with an
integral over energy, as

z
1 1
ch(E) = —= 0 Gkk(E)Do(Ek)dEk; (510)
where Dgo(Ex) is the host semiconductor density of states given by
(2m )32E; =4 2~3), and we have taken the zero of energy at the host matrix
CBE. Dening (E) as

_ 1 X Vij?
(E)=E N . E E

| = (5.11)

Gy can then be written asGi (E) =[ (E) Ei] !. Therefore, the DOS projected
onto the extended states can be written as

- Z 1=2
_ 1(@m)*¥?_ “Emx ETdE
DCb(E) - - 4 2.3 0 (E) Eka (512)

where Ehax IS the upper limit of the energy of the band states that couplavith

interaction matrix elementV, to the localised states. Becausg(E) is independent
of Ex, we can evaluate this integral as

q I
Z Ena EF2dE 1+ Epm=
kiEk: oEX2 4 Py Tl g T

0 k 1 Emax:

(5.13)

We note that the real part of this integral (and, hence, the rel part of the energy

shift E;) is not well-dened asEnax ! 1 However, forEn. >> | |, the
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Figure 5.1: (a) The real and (b) the imaginary parts of the engy shift Ey (E)
for the two-band model of GaNAs; x with x = 0:2%. The horizontal dashed
lines display the values obtained in second order perturkdah theory.

logarithmic factor tends to In( 1) = i and the imaginary part of this integral
is given by !
1
= i T = < (B)?; (5.14)
0

from which we can nd the projected DOS

3=2 h
(2m )*2_

153 ( (E)*¥?: (5.15)

ch(E) =
If we denote the real and imaginary parts of (E) by ( E) and ( E), respectively,
Eq. (5.15) can then be written as

2 ' 1:23 1=2

m 32
4(E)+ %E)+ *(E) 5 : (5.16)

2 2.3

ch(E) =

Having calculated E; and (E) self-consistently, using a nite value ofEmay,
we may then take the limit of E5x ! 1 in examining the density of states, as
given by Egs. (5.15) and (5.16). Note, however, that the regart of E; is not
well-de ned.

5.3 The two-level SCGF

In the two-band model we assume all the N states lie at the sanemergy,En =
0:23 eV, with interaction strength = 2:0 eV [13], the host matrix conduction
band energy atE. = 0 eV, and electron e ective masan = 0:067m, wheremy is
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5.3 The two-level SCGF

the free electron mass. To calculate the DOS we consider reaergiesE, while
allowing that Ey (E) is a complex quantity. In order to solve Egs. (5.5) and (5.6)
self-consistently, the initial value of Ey (E) in Eq. (5.5) is found using second
order perturbation theory. In the calculations presented ére, the upper limit of
the band energy is taken to be& o« = 856 meV. Gy (E), given by Eq. (5.5), is
then used in Eq. (5.6) to calculate a new value of Ey (E). We continue in this
way until we reach a converged value for Ey (E). We nd that 40 iterations are
su cient to reach a converged value of Ey (E) for all real E, and that as few as
2 iterations give a good estimate of the DOS for energies awlpm the energy
gap in this case.

Figure 5.1 shows the real and imaginary parts of (converged)Ey (E) calcu-
lated by the SCGF method. This gure presents the main resulbf our SCGF
method. In previous work we used constant values for( Ey) and <( Ey)
shown by the horizontal dashed lines in Fig. 5.1. From Eqgs. ® and (5.8) it
is clear that = ( Ey (E)) is proportional to the density of states in the 2-level
BAC model. <( Ey(E)) monotonically increases from -20 meV at the bottom
of the lower band to +5 meV at the top of the band, decreases sipdy with E in
the band gap, and again monotonically increases in the uppkand.

5.3.1 The DOS for the two-level SCGF model

Figure 5.2 shows the evolution of the density of states for drent numbers of
iterations, s, for GaNg.q02ASo:998. The red dashed line in this gure displays the
DOS calculated by the ordinary (non-self-consistent) Greés function calculation
(s = 1), that predicts a continuous and nite CB DOS at all E in the two-band
model. However after a su cient number of iterations a gap apears in the DOS,
as shown by the blue solid line in Fig. 5.2.

We presented in Chapter 4 a supercell model to calculate thewsity of states
of GaNAs alloys. We used the Hamiltonian given by Egs. (5.18.4), assuming
that all N states have the same energ¥y, the interaction parameter is given
by Wwe = =N 272, and including all host states with energy less thaik . =
4 2~?122(mL?). (Il is a positive integer.) In this model the DOS projected onto
the GaAs CB states is given by

X )
Den(E) = (E  Ediaj* (5.17)
ik

where @, is the amplitude of conduction band statek in the i"" wave function.
We use a Gaussian function below with broadening parameteito represent the
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Figure 5.2. The density of states for GaMAs; 4 with x = 0:2%, for di erent
number of iterations s, of the two-band SCGF method, assuming all N states
have the same energy.

-function.

Figure 5.3 compares the density of states obtained by the Gebnsistent
Green's function method, with the result of the supercell deulation, with super-
lattice wavevector q = 0, for GaNyAs; y with x = 0:2% for a box of side length
L = 100ay, with M = 8000 randomly placed nitrogen statesE.x = 856 meV,
and Gaussian broadening =1 meV and = 10 meV. In our earlier work [60],
we chose =20 meV, that showed a very good agreement with the results tiie
(ordinary) Green's function method with constant Ey, predicting a continuous
CB with no gap in the DOS. However, our current calculationsly considering
the SCGF approach) do not con rm this assumption. Considenig higher values
for Gaussian broadening in the supercell calculation makése density of states
much smoother, but it obscures the presence of an energy gdpe DOS calcu-
lated with =1 meV (solid red line) shows very good agreement with the one
calculated by the SCGF method, con rming the presence of thgap in the two-
level model. The noisy behaviour in this spectrum arises bagse we only carry
out our calculations for superlattice wavevectog = 0. The DOS could be further
smoothed either by carrying out calculations over the fullgerlattice Brillouin
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Figure 5.3: The density of states for GaNAs; x with x = 0:2%, calculated by
the SCGF approach (green circles), compared with the resuif the supercell
calculation for a box with L = 100ayg, M = 8000 and E,.x = 856 meV, with
broadening parameter = 1 meV (solid red line), and = 10 meV (dashed blue
line).

zone (oj.joyj.j%j < =L ), or else by further increasing the box sizd,. We chose
the same cut-o energies in both the SCGF and the supercell lcalations, as
using a higher cut-o energy shifts the gap to lower energy,ral makes it smaller.

Figure 5.4 shows the density of momentum states for GaNs; , with x=1%,
calculated by the SCGF method and using the supercell apprda Very good
agreement is observed between the SCGF and the supercellcoédtions with

=1 meV for the whole range of nitrogen concentratiorx. The gap between the
lower and upper bands increases with increasing For higher concentrations we
nd that even larger values of the broadening parameter do not obscure the
gap.

In the SCGF calculations shown in Fig. 5.3, we have assumedaththe CB
energy is cut-o at Eax = 856 meV, in Egs. (5.6) and (5.8). We note however
that the DOS for an in nite CB can be obtained using Eq. (5.16) The red
solid line in Fig. 5.5 shows the DOS calculated by Eq. (5.16)ith Eqax = 1,
in comparison with the DOS calculated by Eq. (5.8) withE,x = 856 meV,
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Figure 5.4: The density of states for GaNAs; x with x = 1:0%, calculated by
the SCGF approach (green circles), compared with the resudif the supercell
calculation with broadening parameter = 1 meV (solid red line), and = 10
meV (dashed blue line), for GapAs; x with x = 1:0%, L = 70ay, M = 13720
and Ena = 1:45 eV.

equivalent to kmax = 1:23  10° m ! (shown by the blue dashed line). Note that
in both plots, Ey (E) has been calculated for a nite CB in Eg. (5.6). It is seen
that, due to the contribution of higher momentum states in tke in nite CB, the
DOS calculated by Eq. (5.16) has a singularity at the locaksl state energyEn\ .
This di erence is very similar to what we observed in our prewus non-self-
consistent GF calculations (in agreement with calculatiosiusing a modi ed BAC
model). In order to illustrate the e ect of the energy dependnt Ey (E) (that
includes both real and imaginary parts), the results of the nrgvious GF model
are also shown in this gure. The green dots and the dash-dettl brown line in
Fig. 5.5 display the DOS calculated by the ordinary GF metho@ssuming a nite
(Emax = 856 meV) and an in nite CB, respectively. In this model, as gscussed in
chapter 3 we assume that the N broadening is given by secondler perturbation
theory as=[ Eyn(E)] = 16 meV for all values of energies. Comparison of the
dashed blue line and the green dots in this gure clari es themportance of the
energy-dependent broadening Ey (E) used in the self-consistent calculations. It
can be seen that the self-consistent approach predicts a gbptween the lower
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Figure 5.5: The DOS projected onto GaAs CB states for GgMs; yx with x =
0:2% calculated by the SCGF approach of Eq. (5.12) (blue dashdéide: CB cut
o at 856 meV), and Eqg. (5.15) (solid red line: in nite CB), compared with the
results of similar calculations but with constant Ey (E) = 16i meV, for the CB
with Ehax = 856 meV (green dots), and for in nite CB (dash-dotted brownline).

and upper mini-bands in GaNAs, in contrast with our earlier alculations in
Chapter 3.

The DOS calculated by the SCGF method, for an in nite band, issimilar
but not identical to the results obtained using the simple BA model (without
N broadening). For example, in the usual BAC model the maximu of the lower
band is constant and equal toEy = 0:23 eV. By contrast, the energy of the
highest state in the lower band decreases with increasirgn the SCGF method.

The DOS calculated by SCGF method, for in nite band, is sim#r to the result

of the simple BAC model (without N broadening). However, ourcalculations
show that the gap calculated by the SCGF and the supercell callations are
smaller than the gap predicted by the usual BAC model.

In the usual BAC model the maximum of the lower band is equal t&Ey =
0:23 eV. However, we have assumed that each N state can interadgth only one
supercell host matrix state, and therefore the volume of kpace included should
be equal to the volume of the full Brillouin zone times the N amcentration, X,
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Figure 5.6: The maximum of the lower bandE™*, and the minimum of the
upper bandE™ for GaNyAs; x versus nitrogen concentratiorx, calculated by
the self-consistent Green's function and the BAC model, WitE,.x = 0:6 eV.

and the maximum allowed wave vector is given b¥m., = X732 =a,, where ag

is the GaAs lattice constant!. Fig. 5.6 compares the concentration dependence
of the energy of the top of the lower band and the bottom of the pper band,
calculated by the BAC model (withkyax ) and the SCGF approach , for the range
of x in GaNyAs; . In both cases the band-edges are linear with respectxo In
the BAC model the gap between the lower and upper bands is lamgthan that

in the SCGF approach. In SCGF method, in contrast with the BACmodel, no
gap is observed for very low N concentrationsx(< 0:08%).

In the BAC model in chapters 3 and 4 we included the real part dhe energy
shift of localised state energies, given by Eg. (3.2), whidtas not been considered
in Fig. 5.6. Including this shift, pushes the minimum of the pper band of BAC
model EM" to higher energies and gives similar results as SCGF method.

We previously calculated the projected DOS onto single momgim states in
the supercell and BAC models (including complex N energiy i) and found
guite good agreement between the two approaches in chapter 3

The DOS projected onto a single CB state with momentunk is given by
= [Gk(E)]= , where G (E) can be calculated from Eq. (5.5) once Ey (E)
has been determined. In Y 4.4 we calculated this projected BQpnto single
momentum states in the supercell and BAC models (includingpmplex N energy,

1See Sec. 6.2 for more more details.
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Figure 5.7: The DOS projected onto selected GaAs momentumases, calculated
using the BAC model (dash-dotted green lines), the supertaalculation for a
box with L = 100ay, and 8000 N states (solid blue lines), and the SCGF model
(dashed red lines) for Galoo2ASo:90s. Green and black arrows show the energy
Ex of the original k state (Ex = 113:3;2266, and 3479 meV), and the N energy
En, respectively. Note the di erent scale in the lower part of yaxes.

Exn 1) and found quite good agreement between the two approached=ig. 5.7
shows how the DOS projected onto the individugk states varies with increasing
energy Ei, in the BAC, supercell, and the SCGF approach, where the gmee
arrow Ey indicates the energy of the host matrix state in each of the 3ases
considered. The dashed green lines in Fig. 5.7 show the réguredicted by the
BAC model for GaNy.g02ASo:998, While the solid blue curves display the numerical
results for a supercell with lengthL = 100a,, containing 8000 N & = 0:2%),
and Gaussian broadening = 3 meV. Note the change in scale in Fig. 5.7 in the
middle of each gure. Despite the very good agreement betwe¢he BAC and
the supercell models in the peaks of the DOS (upper panelshet details of the
DOS far from the peaks di er (lower panels). However, the DO®alculated by
the SCGF method (shown by dashed red lines), is in a very goodraement with
the supercell calculations both in the peaks of the DOS and the details far from
the peaks. The BAC (usual Green's function) model does not @dict a gap in
DOS, while the SCGF method in agreement with supercell calaiions con rms
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Figure 5.8: The fractional character for GaNy.g02ASo:.99g predicted by the 2-level
SCGF method by Eq. (7.14) (blue dots), compared with the supeell calculations
for a box with length L = 100a, containing 8000 N & = 0:2%).

the existence of a gap in DOS. These results again con rm thegsence of a gap
in the two-band model, and demonstrate that the SCGF method npvides an
accurate description of the DOS for individuak values.

5.3.2 Fractional character

In analysing the band structure of dilute nitride alloys, itcan be very useful both
for transport and optical properties to determine the fradbnal character, f ,
of a given state, wherd equals the fraction of the state which projects onto the
host matrix extended stategki .

As we have shown in Appendix A, the Hamiltonian of the systemam be
written by Eq. (A.1), where y and ; are the weights of CB and -th localised
state, respectively. The fractional characterf , thatis given byj u j?, measures
the host matrix character of a given state. For the two-band mdel Eq. (A.6)
becomes 2 3,

VI\%C

f =41 ;
E En En(E)

S (5.18)

Figure 5.8 compares the fractional character calculated Y Eq. (5.18) with
the results of supercell calculations, for Gafo,ASo99s. We observe excellent
agreement, over the full energy range, between the SCGF r#sobtained from
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Figure 5.9: The total DOS for GaN.qp2ASo:998 Obtained from; (i) a supercell with
L = 100ay, containing 8000 N, andE .« = 856 meV, with broadening parameter

=1 meV (dash dotted red line), (ii) the SCGF as a summation of @S projected
onto extended and localised states (solid blue line), andijithe SCGF asD ,=f
(dashed green line). The inset displays the results arountié¢ peak of the total
DOS.

Eq. (5.18) and the numerical results obtained for a supertelith size L = 100ag
including 8000 N atoms. In our earlier work, presented in Clpger 3, the results
of the GF calculation, with Ey calculated by second order perturbation theory,
did not agree with the supercell calculation results in partular for energies close
to the N state energy,En, as we neglected the energy dependence oEy in
that study.

5.3.3 Total density of states
The Green's function for the N states, for the 2 band model, igiven by

l .
En En(E)’

G (B)= ¢ (5.19)

and the density of states projected onto the localised stateD,,.(E) can then be
calculated by Eqg. (5.9). The total DOS shown by the solid bludéine in Fig. 5.9,
can be obtained by adding the DOS projected onto the host maxr CB states to
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5. Self-consistent Green's function method

the result of Eq. (5.9). Excellent agreement, over the fullange of energies, is seen
between this result and the supercell calculation obtainesh Chapter 4, shown
by the dash-dotted red line in Fig. 5.9. The DOS projected ontthe N states is
clearly much larger than the DOS projected onto the host CB sates for energies
close to the N state energyEy . The total density of states can also be obtained
from D(E)=f . The DOS calculated in this way (dashed green line) is in very
good agreement with the solid blue line in Fig. 5.9. Again thagreement between
the SCGF and the supercell method is much better than what webserved in
Chapter 4 for GF calculations with constant Ey, including that the peak of
the total DOS calculated by the previous GF model showed a $hivith respect
to the supercell calculation result, which is now removed vem including the
energy-dependent shift in the real part of Ey (E).

5.4 The LCINS model

The two-band model is oversimpli ed, because it omits the dect interactions
between N states, which are present in actual GaNAs sampled.indsay and
O'Reilly have previously used a tight-binding-based modeb calculate the dis-
tribution of N states expected in random GaNAs alloys, treang explicitly the

interactions between a Linear Combination of Isolated Nivgen States (LCINS)
in this model [11, 17, 24]. This approach takes account of tfiermation of N pair

and cluster states with increasing N compositionx, where a N pair is formed
when a Ga atom has 2 N nearest neighbours, and a cluster cotssisf 3 or more
N atoms linked to each other through shared Ga neighbour sge The LCINS
model also takes into account that interactions between ided N atoms which
are close to each other in the alloy contributes to a broaderg of the N spectral
energy. These interactions lead to mixing between the N sied on di erent sites
and a broadening of the N spectral energyE( no longer just equal toEy ), and

of the interaction valuesV;. The inclusion of this distribution of N states has
previously been shown to be critical both to obtain good quaitative agreement
between the theoretical and experimental variation with N eamposition x of the

conduction band edge e ective mass and electron gyromagieetatio [25, 28] and
also to explain the conduction band density of states measd experimentally
using scanning tunnelling spectroscopy [29].

The density of localised N states calculated by the LCINS appach, with

each state weighted bij:NC (the square of its interaction matrix element with
the CBE), is shown in Fig. 5.10. We investigate below how thenclusion of
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Figure 5.10: The density of localised LCINS states, weightedy jV; j>=N. for each
state, versus their energies, for GaMs; » with di erent values of x. Each energy
level is broadened by a Gaussian of width 5 meV. The verticafraws display the
calculated CBE energies at room temperature, with respecbtthe top of the
valence band, given in Ref. [13]. Zero of energy is taken afpt@f GaAs valence
band.

this distribution of N states modi es the band dispersion ad density of states
calculated using the SCGF method with Egs. (5.2) and (5.3).

54.1 The DOS for the LCINS model

The dashed blue line in Fig. 5.11 displays the DOS of GalbzsASo:9964 With
the full LCINS distributions, calculated by solving Egs. (52) and (5.3). The
zero of energy for these calculations is taken at the top of éhGaAs valence
band and we use room temperature values for the GaAs energypgand N state
energies [6]. The solid red and dash-dotted green lines inighgure show the
results of the ordinary GF model (Eqg. (5.7); without iteration) with constant N
broadening ; = 16 and 1 meV, respectively?, where the ; =1 meV results
allow to see the calculated DOS with minimal broadening inagtled. It can be seen

2Usingp i =1in Eq. (5.7) is equivalent to taking E;(E)=0+11i in Egs. (5.3) and (5.2),

wherei = 1.
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Figure 5.11: The density of states for GaphbozsASo:0064 Calculated by the ordinary
Green's function method, with constant energy shiftss[ E;(E)] = 16 meV (the
solid red line) and=[ E;(E)] = 1 meV (the dash-dotted green line) compared
with the SCGF method result with 10 iterations (the dashed hle line).

that including the full distribution of N states causes the gp in the conduction
band to disappear, even for = 1 meV, in agreement with expenmments [29].
Several features can be seen in the unbroadened spectrum ( £meV) associated
with the N states, including a dip just around 145 eV associated with N pair
states (close to the same energy in Fig. 5.10), as well as saléurther features
associated with di erent N environments between 55 and 165 eV. Most of these
features get washed out for the spectrum with ; = 16 meV. We saw earlier that
the broadening in the SCGF calculations is proportional tolte DOS,D,(E) in
the 2-band model (whereE; and V, are constant). Similar behaviour can be
expected when using the LCINS approach. The SCGF broadenitigen smears
out most of the features observed in the =1 meV spectrum, alhough the dip
in the spectrum remains clear just above:&5 eV, and a shoulder is also observed
in the DOS below 145 eV due to the N pair states. The dip in the SCGF DOS
is shifted to lower energy compared to the ; = 1 meV case, due to the energy
dependence of the real part of Ey (E) in the SCGF case.

Figure 5.12 shows the CB density of states for Ggks; 4 for x = 0:1;0:5; 1.2
and 20%, calculated using Eq. (5.8) wher&yy is calculated by Egs. (5.2) and
(5.3), including the full distribution of N state energies ad interactions from
Refs. [11, 67] as shown in Fig. 5.10. Increasing the N concatibn pushes the
bottom of the CB to lower energy and makes the peak around thedlated N
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Figure 5.12: The density of states for di erent values ok in GaN,As; , calcu-
lated using the SCGF method and the full LCINS distribution & N states.

states wider.

5.4.2 Total density of states

In the LCINS model, as shown in Appendix Af can be calculated by general-
ising Eq. ( 5.18) to take account of the distribution of N staés, using

0 , 1,
1X Vi
f =@+ = . . A 5.20
N¢ j JE EJ Ej (E)J2 ( )
The fractional character calculated by the LCINS approach for

GaNop:0036AS0:9964, 1S given in the inset of Fig. 5.13. As is seen in the gure,
the overall behaviour is similar to the 2-level calculatios.

However, the inclusion of the full LCINS distributions lead to a sharp reduc-
tionin f at energies close to the N pair state energy (close to the CBEhereby
leading to an increased electron mass near the CB minimum cpared to that
which would be predicted using the 2-level BAC model of Eq. (B). There is
in addition another small shoulder in the value off just below E = 0:2 eV,
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Figure 5.13: The total density of states in comparison withite DOS projected
onto the host CB states for GalN.003sAS0:90064 (dashed blue line), predicted by
the SCGF method and the full distribution of LCINS approach. The red line

shows the result oD, + D)o, and the dash dotted green line displays the total
DOS given byD,=f . The inset shows the fractional character calculated by
Eq. (5.20) for GaNy.oo36ASo:9064- The zero of energy is taken to be at the CBE of

GaNo.0036AS0:9964-

associated with the N levels just below the isolated N stategak at 16 eV in
Fig. 5.10.

The total DOS for the LCINS model can again be calculated by somation
of the DOS projected onto the GaAS CB stated) ,, and the density of localised
states, Dioc. This total DOS is shown by the solid red line in Fig. 5.13, in
comparison with D, for GaNo.g036AS0:9964. The DOS projected onto the localised
N states is now clearly much larger than the DOS projected omtthe host CB
states over a wide energy range. The dash dotted green lingtliis gure presents
the total DOS calculated byD ,=f , which again shows excellent agreement with
the summation ofDcp+ Dgc.

5.5 Band structure

The DOS projected onto selected momentum states was presauhtin Fig. 5.7.
By calculating the DOS projected onto momentum states for Bk values, we are
able to plot the band dispersion for GaNAs. Fig. 5.14 shows¢hconduction band
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Figure 5.14: Energy- and momentum-projected density of d&s for GaNAs;
with x = 0:36% calculated with the two-level SCGF method. The dashed wth
lines show the band dispersion calculated using the BAC mddé&g. (3.1)] with
the zero of energy taken at the bottom of the BAC CBE at room temperature.

dispersion for GaN.g03sAS0:9964, Calculated by the two-level SCGF method, where
the energy spectrum for eaclk state is given by = [Gy(Ex)]= . It can be seen
that overall the band dispersion is similar to the results othe BAC model of
Eq. (3.1) (shown by the white dashed line in this gure). The paks at eachk
point are broadened in the SCGF method, with this broadeningncreasing close
to the nitrogen resonant energyEy . Similar behaviour was previously observed
using the Anderson single impurity approach [18], althougkthe broadening |
was taken to be independent of energy in that approach. The mduction band
character of the states also decreases towards zero whgrapproachesy . How-
ever, in contrast to the GF calculations with constant Ey presented in Fig. 3.4,
this gure, in agreement with Figs. 5.3 and 5.7, con rms thatthe energy broad-
ening in the two-level SCGF model does not provide a continus spectrum of
states for electrons in the lower band to scatter into the upgr band. The two-
level model, however, is not complete, as it ignores the détaf the N distribution
in actual GaNAs samples.

Fig. 5.15 shows the conduction band dispersion for GabhzsASo-9964, Calcu-
lated by the SCGF method in the framework of the LCINS approdtto include
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Figure 5.15: Thek-projected density of states for GajAs; x with x = 0:36%,
calculated by the SCGF method and including the full distrilmtion of localised
states, showing the band dispersion and broadening. The di&sl white lines show
the BAC band dispersion calculated by the BAC model of Eq. (3).

the full N distribution. It can be seen that the overall behavour is similar to what

we saw in Fig. 5.14, but with two notable di erences. First, he band dispersion
and broadening show clear features related to N pair statesAlso, the energy
broadening at eachk point has been increased by the inhomogeneous broadening
of the N states, leading to a lling of the gap predicted by theBAC model. This
result, in agreement with the DOS shown in Fig. 5.11, showsdhthere is a route

by which carriers, which are being accelerated in the loweuls-band, can scatter

to the higher sub-band.

5.6 Discussion and conclusions

We have implemented a self-consistent Green's function nietd to calculate the
density of states in dilute nitride alloys. Our results showthat the SCGF method
provides an excellent description of the electronic strugte in GaNAs alloys. In
this model, the nitrogen energy shift, E;(E), due to interaction with the contin-
uum states, was taken as a complex energy dependent paramgetalculated self-
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consistently. In Chapter 3 we calculated this parameter usg second order per-
turbation theory, with the real and imaginary parts represating a constant shift
in the nitrogen energy, and a constant energy broadening dié localised states,
respectively. We considered two di erent models, namely #h2-band model (as-
suming all N states located at the same energy), and the LCIN®odel, which
includes a full distribution of N states. We compared the redts of the 2-band
model with those calculated by the supercell and the BAC motse

In the 2-band model, the DOS calculated by the SCGF approacls in very
good agreement with the results of calculations of supertselvith a random spatial
distribution of N states. Both models predict a gap in the coduction band DOS,
in contrast with the DOS calculated by the usual Green's furton model (or
equivalently the BAC model with constant N broadening). Oveall the BAC
model gives a good qualitative description of the calculadeband structure but
with a number of minor di erences between the calculated re#ts, including that
the BAC model without N broadening also predicts a gap that isvider than the
one given in the SCGF method. Turning to the band dispersionthe density
of states projected onto the individualk states calculated by the 2-level SCGF
method is in excellent agreement with that calculated by thesupercell model.
In addition the fractional character and the total DOS calculated by the two-
level SCGF method show excellent agreement with the supeliagalculation in all
energy ranges, con rming the accuracy of this method. The meself-consistent
Green's function method, which assumed that Ey was energy-independent, did
not show the same level of agreement.

Including the full distribution of N states, using the LCINS model [11, 17],
has a number of important e ects on the calculated band struare and density
of states. Firstly, it inhibits the gap in the density of states of GaNAs;  for
all x values considered. Secondly, it leads to an increased mixibetween N and
conduction states across a wider energy range, causing auetbn in the host
matrix character of many of the states, consistent with the increased band
edge mass observed in many GaNs; x samples [10, 17]. Finally, it can also
lead to the observation of additional features in the condtion band density of
states, such as the shoulder observed in Fig. 5.11 and in th@asning tunnelling
spectroscopy measurements of [29].

In summary, we have presented a self-consistent Green's €tion approach to
study the band structure and density of states of dilute nitide alloys. The results
of the model are in excellent agreement with supercell calations that we have
undertaken. Although in this paper we investigated GaNAs; , this method can
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be easily applied to other highly mismatched semiconduc®rincluding di erent
dilute nitride alloys and dilute bismide semiconductors, antaining bismuth (Bi).
We conclude that the SCGF approach, in conjunction with the se of a realistic
distribution of localised N states provides a very powerfulool to examine the
details of electronic structure of GaNAs and related mateais.

We turn in the next two chapters to consider consequences ofifcorporation
on carrier scattering and electron mobility. We will rst in Chapter 6 investigate
the mobility assuming that the band dispersion is either pabolic or gives by
the 2-level BAC model. We then in Chapter 7 extend the work psented in this
chapter to use the SCGF method to calculate the band dispeosi, scattering rate
and mobility of carriers in GaNAs alloys, where the carrier rergies and decay
rates are taken to correspond to the complex poles of the setinsistent Green's
function.
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Chapter 6

Intermediate and high eld
mobility

6.1 Introduction

The quantitative analysis of electron transport and mobity in dilute nitride
alloys is a dicult problem. It is well established that replacing a fraction x
of the arsenic atoms in GaAs by nitrogen atoms to form GaMs; , strongly
perturbs the conduction band structure. In previous chapts we have seen that
the introduction of a single N atom in place of an As atom intrduces a N resonant
defect level, about 230 meV above the conduction band edgeBE) at room
temperature. Such a state can act as a resonant scatteringnoe [68], leading
to strong elastic scattering of electrons with energy clode the resonant state
energy [13]. The introduction of a N pair into GaAs, where twmf a given Ga
atom's neighbours are N, leads to a resonant defect level whiis closer to the
CBE [7], and therefore strongly scatters electrons whoseezgy lies close to the
band edge [13].

Models for electron transport and mobility need to include he scattering
due to such a distribution of N states above the CBE in GaM\s; . However,
in addition to acting as scattering centres, the N-relatedtates also strongly
perturb the conduction band dispersion. It is possible to #at this change in
band dispersion in a reasonably straightforward way for loweld transport and
mobility calculations [13], but we describe below how it isansiderably more
di cult to do so in the intermediate and high- eld case.

There are two aspects of the BAC model which introduce errothat become
signi cant when treating high- eld mobility. Firstly, the BAC model in Eq. (3.1)
implicitly assumes an in nite density of N atoms. Because thre is no maximum
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cut-o wavevector, k¢, Eq. (3.1) requires an in nite density of N levels interact-
ing with the host matrix extended conduction states. Secomy application of
Eqg. (3.1) leads to an energy gap in the conduction band, justbave the N reso-
nant state energy,Eyn. The presence of this energy gap con nes carriers to the
lower of the two energy bands given by Eq. (3.1), placing an ablute upper limit
on the energy to which carriers can be accelerated in the BACadel.

More detailed analysis [34, 35, 60] and measurement [29] whkothat this
energy gap does not occur in actual Ga(ln)AsN samples. Insi as shown
in earlier chapters, the gap is washed out because of disarageects and the
distribution of N levels. We calculate that the disorder dudo the predominantly
N-related states which |l the BAC energy gap leads to the sti@es in the gap
being localised [60], in agreement with the conclusions ol temperature high-
eld electron transport measurements [15, 53 55].

A full model for high- eld transport in dilute nitride alloy s would therefore
need to treat a conduction band structure which has extendestates at energies
away from the N resonant levels, and bands of localised statat energies close to
the N resonant levels. It is very di cult to treat such a continuous band of states
in conventional transport models, and we do not attempt to dso. Instead we
use and compare the results of two approaches, one of whicliksly to provide a
lower bound on the e ects of N incorporation, while the sec@happroach clearly
overestimates the e ects of N on the band structure.

For the rst approach, we ignore the e ect which N has on the coduction
band dispersion in GaNAs; x. We assume that the conduction band retains a
parabolic dispersion, but includes explicitly the strong @sonant scattering asso-
ciated both with isolated N atoms and also with a full distritution of N states.
Our previous calculations have shown that the N resonant sitering leads to a
very short mean free path close t&y in GaN,As; x [13]. The consequences of
this short mean free path should be equivalent to those of c@r localisation.
The parabolic band dispersion allows carriers in this case te accelerated at
su ciently high eld through the distribution of N levels up to higher energies
where the drift velocity is then limited by scattering from the valley into the L
valleys [69, 70].

For the second approach, we calculate the intermediate andgh- eld electron
transport properties of GaN As; x using the BAC model to describe the band
structure. As noted above, this approach must fail at high &ls, because it limits
the maximum energy to which carriers can be accelerated.

We present in the next section an overview of the band dispéra in GaNAs,
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based on using a Green's function method to analyse the ingation between N
states and the GaAs host matrix conduction band states. We elv how the cal-
culated band dispersion displays aspects of the two band stture models which
we use, supporting their use in transport calculations. Wehen present in Y 6.3
a description of the Boltzmann transport equation method wich we use to cal-
culate the electron mobility and velocity- eld characterstics in GaN;As; x. We
follow a method similar to that used by Conwell and Vassell [ 72], solving the
Boltzmann equation using an orthogonal polynomial expar@n of the angular
distribution of momenta to investigate the carrier transpot with increasing elec-
tric eld. The comparison of the results calculated by this aymptotic solution
with the Monte Carlo method, for silicon, has already con rned the validity of
this method [73]. Moreover, we will show that this method, byhe modi cations
that we made, leads to a very similar results to those calcukd by the Monte
Carlo method in the case of GaAs [74]. The earlier works appimated polar
optical relaxation by a simple Taylor series expression th&auses inaccuracy in
the results [71]. In addition it solved the Boltzmann equatn by expanding the
energy distribution function in a Taylor expansion. We use anore accurate ap-
proach here that avoids both these approximations, as desmed in Y 6.3. We
also include in Y 6.3 a description of the di erent scatterip processes included
in the calculation. These are all included completely in ouformalism, avoid-
ing unphysical low- eld approximations used in the originhapplication of the
method [71]. We present our main results in Y 6.4, analysinhet in uence both
of N composition and of applied eld on the carrier transporicharacteristics. We
consider scattering both by isolated N atoms and also by a fullistribution of
N states. We nd that it is necessary to include the full distibution of levels in
order to account for the small low- eld mobility and the absace of a negative
di erential velocity regime observed experimentally withincreasing N composi-
tion x. The model using the BAC model breaks down at intermediate anhigh
eld, due to the unphysical constraint of limiting carriersto the lower BAC band.
We nd for the parabolic band model that carrier scattering nto the L bands is
reduced at intermediate electric elds but is comparable ahigh elds to that
observed in GaAs, with the calculated high- eld mobility ard carrier distribution
then also being comparable to GaAs. Overall the results aaou well for a wide
range of experimental data. Finally we summarise our conalions in Y 6.5.
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6.2 Band structure of GaN (AS; «

It has been shown in Chapter 5 that the conduction band strucire of GaNAs
can be well described using the Green's function method. Weéserved that
the energy broadening in Fig. 5.15 allows a means for electsowhich are being
accelerated in the lower band to scatter into the upper bandonsistent also with
there being a distribution of localised N-related states wiin this energy gap
region [60]. It can be seen that the band dispersion of Fig.1% is intermediate
between the two models that we use. The rst model assumes arpholic band
dispersion, with strong resonant scattering by N states. T9E-k relation is given
in this case by

~2k2

o = (E); (6.1)
where

(E)=E Eg (6.2)

This model underestimates the e ect of N on the band dispersn, but should
give a good description of the strong N scattering.

In the second approach, the E-k relation in Eqg. (6.2) is givefor the BAC
model by

(E)=E E Ve . (6.3)
- ° E En’ '
with the density of statesD (E) given in terms of by
_ m*= ., d(E).
D(E) = Pﬁ (E)F (6.4)

This relation overestimates the e ects of N on the band struare near Ey . Ide-
ally, one should use the smeared band dispersion of Fig.5u#h the Boltzmann
transport equation to describe the transport properties, bt this is beyond the
scope of the present chapter. Instead, the Hamiltonian of E¢R.1) is very useful,
because it allows the analytical solution of the Green's fation model.
Determining the cut-o energy, Enax, in the BAC model is very critical [60].
As Enax approaches the nitrogen state energy the density of condian states
and the integrated density of conduction states both divey We assumed that
each N state can interact with only one supercell host matrigtate. As a result,
the volume of k-space included should be equal to the volumgtbe full Brillouin
zone times the N concentrationx. The maximum allowed wave vector is then
given by kmax = x¥32 =a, whereay is the GaAs lattice constant. Therefore, the
maximum energy of the lower band in the BAC model depends on rcentration
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as ( )
1 q
Emax = é EN + Ec;max (EN Ec;max)2+4vl\%c ; (65)

whereEgmax = E¢ + ~2k2,,=2m .

6.3 Transport calculation method

6.3.1 Boltzmann equation

We solve the Boltzmann transport equation to determine theasponse of the elec-
tron distribution to an applied electric eld. The distribu tion function f (k) gives
the probability that a band state at energyEx will be occupied by a carrier. We
assume that, in the absence of an external eld the carriergain thermal equi-
librium, so that f (k) is then given by the Fermi-Dirac distribution function. The
application of an external eld perturbs the distribution, with the distribution
evolving in time as

! !
@k _ etk . ek
@t @t scatt @t F,

(6.6)

where the rst term on the left describes the e ects of carrie scattering, while
the second term describes the evolution of the distributioue to the applied
electric eld, which is related to the applied eld F as

% = i:r of (K): (6.7)

The scattering term in Eq. (6.6) is given by [56]

! 7z (
% = S(ko;K)f (ko)[L f (K)]

) 6.8)
S(k;ko)f (K)[1  f(ko)] dko;

where S(k; ko) and S(ko; k) are the scattering ratesk to ko and vice versa.f (k)
is the probability that the state k is occupied and (1 f (ko)) is the probability
that ko is not occupied. For the steady state, the rate at which eleins gain
energy from the eld must be equal to the rate at which they los it to the lattice.

In order to solve the Boltzmann equation, Eq. (6.6), we assunthat it is
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possible at each arbitrary eldF to expand the distribution function f in a series
of Legendre polynomials

f(k) = * f; (E)Pj(cos ); (6.9)
j=0

where P; (x) is the Legendre polynomial of ordej and is the angle between
wavevectork and electric eld F. The unknown functionsf; can then be obtained
by solving the equations resulting from substituting forf in the above series.
Following the approach of Bara [75] and of Conwell and Vas#i§71], we assume
that it is possible to drop all terms beyondj = 1 in this expansion, so that the
distribution function f (k) is then given by

f (k) = fo(E) + ke 9(E); (6.10)

wherekg is the component ok along the direction of the eld F. From Eq. (6.7)
and by replacing~?kZ=m by its average 2=3, the rate of change of the distri-
bution due to the electric eld can be written as

[ ( )
@1k) eF " .2 0, “Ke g0 g

@ . =~ 973@=d)Y " m(d=dE) " °

whereg® and f { are the energy derivatives ofj and f, respectively. Within the
relaxation time approximation, we assume that the net e ectof the collision
processes is to caugg{E) to relax with a time constant

| |
@ik) @b Kre g
_ = = — —= 6.12
@t scatt @t scatt ( )

Therefore the asymmetric part of the distribution functioncan be calculated from

ﬂif 0.
m (d=dE) *

(6.13)

Hence the rate of change of the symmetric part of the distriiion function is
given by

|
: 2 3=2 :
@ = 2¢°F _ i ifg : (6.14)
ot £ 3m (d=dE) (E)*¥2dE (d=dE)
and where is the net relaxation time
X
1= = = (6.15)
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where ; is the relaxation time associated with thei™ scattering process con-
sidered. We note that although we refer to relaxation timesni Eqg. (6.15) and
elsewhere in this chapter, these are all energy dependenas@tion times, de ned
as the inverse of a scattering rate and including (for polarpdic phonons below)
inelastic scattering between initial and nal states at di erent energies.

6.3.2 Scattering processes

We consider four di erent scattering processes when modaj electron transport
in GaNAs, namely scattering by (i) N resonant states, (ii) ptar optical phonons,
(iii) acoustic phonons, and (iv) intervalley scattering béveen the valley and
the four L valleys. Previous work [13] has shown that scattgrg by localised
N states plays a signi cant role in carrier transport in GaNAs. Also, similar to
GaAs, phonon scattering, especially longitudinal optica{LO), scattering must
be considered as an important collision process [33, 34]. Additionally consider
intervalley scattering between the valley and the four L vdleys, which becomes
increasingly important at higher elds. Finally, we also irclude scattering by
acoustic phonons (AP), which is important particularly in the L valley of GaAs,
and also important in the BAC model.

6.3.2.1 Nitrogen scattering

We saw in Y 6.2 that N strongly perturbs the conduction band d@daAs, introduc-
ing a distribution of resonant N states above the conductioband edge. These N
states act as resonant scattering centres. Using Fermi'siden rule, the scatter-
ing rate for carriers at energyE due to a N resonant state at energ§ is given
by Eqg. (2.13). We use two di erent models for N scattering in or calculations.
Firstly, we presume that all N states are at the same energyp shat the scattering
strength due to M nitrogen atoms is then just M times the rate dr a single N
atom, as given in Eg. (2.13). Secondly, we use the distribot of N states, de-
termined from tight-binding calculations [13] to calculaé the scattering rate due
to this distribution of states. Fig. 2.4 shows the calculai® energy dependence of
the scattering rate for several di erent N compositions, wih the zero of energy in
each case taken to be at the bottom of the GaNAs conduction bdr{equivalent
to setting the lower eigenvalue of Eq. (3.1) as the zero of egg).
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6.3.2.2 Polar optical scattering

Using Egs. (6.8) and (6.12), the polar optical scattering ggator of the symmetric
part of the distribution function is given by [71]
@B! ( )1 2 2 2(
2m )~<le
— =—"—— 4 (n(!)+1) fo(E+ ~!
@t 5 4 o~ 1:2(E) ( ( ) ) 0( )
) P =2 !
~I
n(1)fo(E) coth t —EF) — d

(E) dE .
( ) (6.16)
+ (E ~1) n()fo(E ~1) (n(t)+1) fo(E)
€ H'*=a'
tanh L T d—E . 5;

and the general form of the momentum relaxation rate, negléeg the wavevector
dependence of the cell periodic part of the Bloch functions igiven by calculating
the rate of change of the asymmetric part of the distributiorfunction, as [71]

2 | 8 I
1 _é 2(22)1=24n(!) d < (E+ ) =
o 8 p HE) dE ¢, (E) .
E+-) (B) .1 (E+=) ¥
® " ®
! - (6.17)
d < (E )
+ (E ~|)fn(')+1g d—E . N!: T
| | 93
E ~) (E) L (E ) TR
B tanh B) : =
where (E ~!) is the step function, ~! is the optical phonon energy, and

the phonon mode occupation numben(! ) is given by the Bose factom(! ) =
19exp(~!=k g T.) 1] wherekg is Boltzmann's constant andT,_ is the absolute
temperature of the lattice, and , is given by

— (6.18)

1 1 1 1
p 0 1 0

Here o is the permittivity of free space and o and ; are the low and high fre-
quency dielectric constants respectively. Conwell and \sall had to approximate
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—BAC, x=1.2%
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Figure 6.1: Polar optical scattering rate calculated for p@abolic central valley of
GaAs and lower BAC band of GaNAs; , with x = 1:2%.

Eq. (6.17) by including terms just to lowest order of E  ~! ) in the Boltzmann

equation. Later Monte-Carlo calculations [74] showed thathis is not a good
approximation, so we use Eq. (6.17) with no approximation imur calculations.
The dashed blue line in Fig. 6.1 shows the polar optical scating rate for a
parabolic band ( (E) = E and d =dE = 1), while the solid red curve shows
this scattering rate when using the nonparabolic band dispgion from the BAC

model of Eq. (6.3) for a N compositiork = 1:2%.

6.3.2.3 Intervalley scattering

In GaAs the four degenerate L valleys are located about3eV above the central,
, valley. In high electric eld, carriers are accelerated b high energies in the
valley. When the carriers are above the L valley minimum enggy, then inter-

valley scattering becomes possible, including both -L and.-L scattering. For

scattering from the initial valley i to the nal valley f, the intervalley phonon
energy,~! i , can be assumed to be constant and its value is given in Tablel6

with the intervalley scattering rate given by [71, 76]

|

1 D2z

if 21

Df E Efi ~l if (619)

1 1
. + — —

whereDy is the density of states in the nal valley,Z; is the number of nal valleys
available for scattering,n(! i1 ) is the number of intervalley phonons (given by the
Bose-Einstein factor), and Ej is the energy separation between the nal valley
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Figure 6.2: Equivalent, L L, and non-equivalent, L, intervalley scattering
rates for parabolic and L valleys in GaAs

f and initial valley i band edges. ( Ey is zero for intervalley scattering between
equivalent valleys.) Fig. 6.2 shows the calculated interltay scattering rates for

parabolic bands in GaAs.
Also using Eq. (6.8), the term due to intervalley scatteringrom initial valley,

I to nal valley, f is given by [71]

I 8
@f _ Dfz<
@ti f— T D E Eiq +~li n(liy)+1
#
ft(E+~ti) n(li)fi(E) +Ds E Ev ~li

(6.20)
#9

n(te)fe(E ~1y) n(ti)+1 fi(E) -

6.3.2.4 Acoustic phonon scattering
We can reasonably assume that the acoustic phonon (AP) scating is elastic
near room temperature, with the AP scattering rate given by 49, 76]

2
L. DAkBTLD(E); (6.21)

o~

AP
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Figure 6.3: Acoustic phonon scattering rates for and L parholic bands in
GaAs, and lowest BAC band for GaNAs; , with x = 1:2%.

whereD 4 is the electron acoustic deformation potential, and® (E) is the density
of states de ned in Eqg. (6.4). The elastic constantg, is related to the sound
velocity, vs, and mass density, by: ¢ = v2. Fig. 6.3 shows calculated acoustic
phonon scattering rates, using parameters given in Tablelg.in parabolic (solid
red curve), and L (dashed blue line) valleys. As we see in thgure, because of
the heavier e ective mass in the L valley, the relaxation tine associated with AP
scattering is much smaller there than in the valley. Finall, the green dotted
dashed line in Fig. 6.3 shows the calculated AP scatteringteain the lower band
of the BAC model forx = 1:2%. The strong increase in scattering rate seen at
all energies arises because of the increased density of esain the BAC model
compared to the parabolic band model.

6.3.3 Transport calculation method

We describe here the calculation method which we use, takiag an example the
case of GaAs with parabolic and L bands. The Boltzmann equabn for the
valley can be written as

ef _ @f  @f @f
@ = e, @, et (6.22)

wheref is the symmetric part of the distribution functions in the central ()
valley of GaAs. The rate of change of the distribution functn due to the electric

81 Masoud Sei kar



6. Intermediate and high field mobility

eld is given by Eqg. (6.14), while the change due to the polarmiical and inter-
valley scattering terms are given by Eqgs. (6.16) and (6.20spectively. Because
we assume a parabolic valley for GaAs, (E) = E, andd =dE =1.

The relaxation time in Eq. (6.11) is then given in its most gearal form by

i:i+i+i+i; (623)

PO L AP N
with the last term on the right hand equal to zero for GaAs.
The Boltzmann equation for the symmetric part of the distritution function
in the L valley can likewise be written as

@ @, @t

scatt

(6.24)

where

@i ~ 26°F 2 d
‘@t, 3m(E E.)?dE

(E ELo)®* “f (6.25)
and where the collision operator is found by summing over tidk erent scattering

Table 6.1: transport parameters in GaAs

P arameter Symbol V alue
Mass density [77] 5:36 (g=cnv)
Lattice constant [77] ag 5:462 (R)
Dielectric constant [77]
High frequency 1 10:92
Low frequency 0 1290
Sound velocity [77] Vs 5:24 10° (cm/s)
Electron e ective mass [78]
valley m 0:067(mo)
L valley m, 0:286(my)
Acoustic deformation potential [76]
valley Da. 7:01 (eV)
L valley DaL 9:2 (eV)
Optical deformation potential [76]
L D . 10 10" (ev/m)
L L D, . 1.0 10“ (ev/im)
LO phonon energy [76] ~! 3536 (meV)
Intervalley phonon energy [76]
L ~ 27:8 (meV)
L L ~ L 290 (meV)
Energy separation between
and L valleys [79] E . 284 (meV)
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processes as

| | | |
@f @f @f @f
— = —  + — + = ; (6.26)
@t scatt @t PO @t L @t L L
with the relaxation time then given by
R L (6.27)
AP L LL

To calculate the distribution functions in the and L valley s, we have solved
the time dependent coupled dierential equations, Egs. (2) and (6.24) us-
ing the nite di erence method. We assume a Maxwell-Boltzman distribution,
exp( E=kgT), for the distribution functions f (E) and f_(E), in zero electric
eld, F = 0. We then calculate how the distribution evolves with inceasing eld,
using the calculated distribution at theith eld value, F = F; as the starting
distribution for eld Fj;; = F + F, and then integrating the coupled equations
until we reach the steady state distribution at eld Fi.; . We use an energy step
size E = 0:1~!, and setEx = 1:06 eV. i.e. for energies higher than that,
f (E)= f_(E) =0. The time step size and the number of time loops varies wit
the shape of the band, the electric eld strength, and the sti@ring processes
included.

Figure 6.4 shows the calculated distribution functions intte parabolic and
L valleys in GaAs at di erent values of electric eld strengh, from zero up to
F = 70 kV/icm. All distributions are normalized to f (0), and we have used
the transport parameters given in Table 6.1. The lowest (r@dlines show the
distribution functions in the band (dashed red line), and L band (solid red
line) at zero eld. For elds up to about 20 KV/cm, f (E) remains parallel to
that for F = 0 above the bottom of the L valley, indicating that elds up to
this value do not cause any signi cant acceleration of higlheenergy electrons.
Despite ignoring the band nonparabolicity in GaAs and minodi erences in the
transport parameters that we use, the results in Fig. 6.4 angery similar to those
previously calculated using the Boltzmann equation [71, §Gand the Monte Carlo
method [74, 81], con rming that our method therefore provids a good basis to
investigate the e ects of N on intermediate and high eld transport in GaNyAs; .
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Figure 6.4: Distribution functions in (dashed lines), and L valley (solid lines)
of GaAs for increasing values of electric eld. The numbershceach curve denote
the electric eld strength in kvV/cm.

6.4 Transport results

We investigate in this section the in uence of N scattering o the overall room
temperature transport characteristics of GaNAs;  alloys for a range of N com-
positions, fromx =0:1% to x =2:0%. We rst use the parabolic band model,
described in Y 6.2, to analyse the in uence of N scatteringndluding its e ect

on the carrier distribution functions, carrier mobility as a function of applied
eld, and variation of drift velocity with applied eld up to high electric elds

(F =70 kvicm). We then repeat the analysis using the BAC model, n order
to see whether there are any signi cant di erences betweerhé two approaches.
Although the overall energy distribution of carriers is clarly very dierent at

high eld in the two models, we nd very similar overall conclsions regarding
carrier mobility and drift velocity as a function of eld using the two approaches.

6.4.1 Carrier energy distribution

Figure 6.5 shows the calculated distribution functions intie parabolic and L
valleys at F = 20 kV/cm, and including various scattering processes. TBi eld
was chosen because, in the absence of N scattering, it givesaémost constant
electron distribution function in the valley, as shown by the highest (dashed
red) line in Fig. 6.5. The middle (blue) lines show the calcated distribution
functions when scattering by isolated N states is includecall N resonant states
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Figure 6.5: (color online) Distribution functions in (dashed lines), and L valley
(solid line) in GaN,As; » (x=1.2%), at F = 20 kV/cm without N scattering (thin
red lines), including only isolated N scattering (blue ling), and scattering by the
full distribution of N states (thick green lines).

assumed to be at the same energly ). The lowest (green) lines show the and
L distribution functions, including scattering by the full (LCINS) distribution of
N states shown in Fig. 2.4. These results con rm that the inclsion of elastic
scattering by N states can, at intermediate electric eldsstrongly suppress the
acceleration of electrons to higher energies in Ggls; , with the proportion of
carriers in the L valley down by over two orders of magnitudenithis case.

This conclusion is con rmed by Fig. 6.6, which shows the caltated average
energy of electrons in the band in GaNAs; « as a function of electric eld
strength up to F = 30 kV/cm, for di erent values of x, and including resonant
scattering by the full LCINS distribution of N states. It can be seen forx = 0
(GaAs) that the average energy initially increases much merrapidly with F
than is the case forx > 0, and remains consistently higher at all elds. Using
these distribution functions, we can calculate the ratio othe number of carriers,
n in the valley to the total number of carriers, n + n_ as a function of
applied eld. Fig. 6.7 shows the evolution of this ratio as aunction of eld for
the di erent values of x considered, again including resonant scattering by the
full LCINS distribution of N states. It can be seen that the céculated onset of
scattering into the L valley occurs at a higher eld in GaNAs; 4 (6 kKV/cm)
compared to GaAs ( 2 KV/cm) and also that the transfer occurs over a much
wider eld range in GaN,As; 4, with 50% of the carriers estimated to be still in
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Figure 6.6: Average energy versus electric eld in the cemtkband of GaNAs;
for di erent value of x, in parabolic band model with scattering by full distribution
of N states.

the valley at 25 kV/cm, compared to 50% having transferred by 5 kV/cm
in GaAs. This con rms the initial suggestion by Adams [14] tlat the presence of
N should suppress carrier acceleration to higher energy ina8As compared to
GaAs. However, the threshold eld for signi cant impact ionzation in GaAs is
estimated to be of order 100 kV/cm, and it can be seen from Fid.7 that the
majority of electrons are calculated to have been transfed into the L valley
by this eld in GaN 4As; . This is consistent with the experimental observation
that the electron multiplication rate is not strongly modi ed in GaNAs compared
to GaAs [52].

6.4.2 Electron mobility and drift velocity: parabolic band
model

Given the carrier distribution function, the current densty associated with valley
i can then be calculated as

2, % (E)" &(E),, .
ji= 3eF m(d =dB)Z dg | (E)IE; (6.25)

wherem; and ' are respectively the e ective mass and total relaxation tira in
the band. Given the current density, we can then calculate #h mobility as a
function of eld F as = ji=M€F, Wherejy is the current density andny
the carrier density summed over all valleys.
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Figure 6.7: Fraction of carriers in the valleys, for dierent values of x in
GaNyAs; «, and parabolic and L bands.

Figure 6.8 (a) shows the calculated variation of mobility vih applied eld
F for several values of, assuming scattering by isolated N states only, while
Fig. 6.8 (b) shows the calculated variation when scatteringy a full distribution
of N states is included. In the absence of N scattering, thewo eld mobility,
around 12000 crfFVs, is higher than the accepted value for GaAs carrier mohi
( 8000cm=Vs). This overestimate of the mobility has a number of causgs
including our ignoring the nonparabolically of the bands. tican be seen that
inclusion of even a small amount of nitrogen causes a drasteduction in the low
eld electron mobility. Although the calculated mobility values for GaNAs;
remain larger than those calculated by Fahyet al. for the case of scattering
by isolated N states [46, 47] they are in very good agreememlr fthe case of
scattering by the full LCINS distribution of N states [13]. L can be seen that
the calculated mobility decreases with increasing eld foall N concentrations, X,
both due to the strong e ects of N scattering at higher energs in the valley,
and also due to increased electron scattering into the lowanobility L valleys.
There is no evidence whether N-related resonant scattering of importance in
the L valley, so we therefore do not include any such scattag in the calculations
here. Inclusion of N scattering in the L valley could lead to &rther reduction in
the overall mobility, but this e ect is unlikely to be signi cant, given the strong
e ect of other scattering mechanisms in the L valley. Howevewe note that the
proximity of the N resonance to the L-valley minimum, along wth the relatively
large e ective mass and density of states there, would givése to a substantially
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Figure 6.8: Electron mobility, for di erent values ofx in GaNyAs;  in parabolic
band model including; (a) scattering by isolated N states,ral (b) scattering by
a full LCINS distribution of N states.

larger N-related scattering rate for carriers in the bottonof this valley, compared
to the -valley. There is considerable interest in the varidion of the drift velocity

vq with applied electric eld in GaAs and in GaN,As; , and in particular the
extent to which a negative di erential drift velocity may be possible in the latter
case [15, 22, 55]. The total drift velocity can be calculateas

vg= e (6.29)
e(n +n.)
Figure 6.9 shows the calculated eld dependence of the driftelocity in
GaNyAs; « with x = 1:2%, for parabolic and L valleys, without and with
N scattering.
The dot-dashed red line in this gure shows the calculated vation of vq4
for GaAs, assuming a parabolic band and no N scattering. Tk curve shows a
very similar behaviour to that previously calculated [71, 4] and measured [82] for
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Figure 6.9: Calculated variation of drift velocity with electric eld for GaAs in
comparison with GaN.g12ASo:988 With scattering by isolated N, and full LCINS
distribution of N states in parabolic band model.

GaAs, with the drift velocity showing a rapid linear increas at low elds, before
it reaches a peak value and then decreases rapidly, to lesanh40% of its peak
value, as scattering into the L valley becomes important cée toF =5 kV/cm.
When we include scattering due to isolated N atoms (dashedud line), the peak
in the drift velocity occurs at a lower velocity and higher dd value. Including
scattering by a full distribution of N states suppresses thaegative di erential
velocity. There is still a small calculated decrease in vedily at higher eld, but
the maximum magnitude of this calculated decreasggdvy=dFj, is down by over
an order of magnitude compared to the N-free case. Given th#te model we
are using overestimates the low eld mobility compared to mvious calculations,
we conclude that a eld region with negative di erential vebcity is then highly
unlikely for x = 1:2%, in agreement with experimental analysis [57].

Figure 6.10 presents the calculated variation of drift velaty with eld for
several nitrogen concentrationsx, where we include in this case scattering by
the full distribution of N states. It can be seen that the indlision of even just
0:1% of N causes a reduction in the peak value, and shifts it todher eld, with
an even stronger reduction and complete elimination of theegative di erential
eld region at higher compositions, as we see no NDV for2Z.and 20%.
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Figure 6.10: Drift velocity versus electric eld in GaNAs; « for di erent values
of x in parabolic band model, including scattering by the full dstribution of
nitrogen states.

6.4.3 Electron mobility and drift velocity: BAC model

The parabolic band model used to this point correctly allowslectron acceleration
to higher energies, but ignores the conduction band non-gabolicity expected in
dilute nitride alloys. To investigate the e ects of band nonparabolicity, we now
use the BAC model to calculate the eld dependence of the caer distribution
function, mobility and drift velocity.

The distribution function for electrons con ned in the lowe band of the BAC
model can be calculated by solving the Boltzmann equation as

@ _ @ , @

=0 - =0 =0 : (6.30)
@t BAC @t F;BAC @t PO;BAC

where the electric eld and scattering terms are given by Eq$6.14) and (6.16),
respectively. The nonparabolicity factor, (E), is given in this case by Eq. (6.3),
and the relaxation time can be obtained as

= + +
BAC PO AP

1 1 1 1
— (6.31)
N
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Figure 6.11: Distribution function in the lower band of BAC nodel in
GaNp:012ASe:908 at F = 20 KV/cm, in the absence of N scattering (dashed-dotted
red line), including scattering by isolated N (dashed bluare), and full distribu-
tion of N states (solid green line).

The polar optical and acoustic phonon scattering rates arevgn by Eqgs. (6.17)
and (6.21), respectively. Also, 2 v = R(E) represents the assumed N scattering
rate, which varies depending on whether we just include sdating by isolated
nitrogen levels, or treat the full distribution of N levels,as presented in Fig. 2.4.

We solve the time dependent equation for the distribution faction, Eq. (6.30),
in a similar way to that done for the parabolic band model, wit the maximum
(cut-0) energy of the band E ., given by Eq. (6.5), e.9.Emax = 361 meV for
X =1:2%.

The dashed-dotted red line in Fig. 6.11 shows the symmetricapg of the
distribution function calculated using the BAC band structure for GaNAs;
with x = 1:2% andF = 20 kV/cm, with no N scattering included. The middle
(dashed blue) line shows the calculated distribution funein including scattering
by isolated N states, while the lowest (solid green) line siv3 the distribution
function calculated assuming scattering by the full distbution of N states. These
results show a greater suppression of electron acceleratioompared to the results
calculated using the parabolic band model (see Fig. 6.5).

Figure 6.12 shows the mobility calculated for di erent nitogen concentra-
tions, x, using the BAC band structure model, including resonant se¢gering by
a distribution of N states. It can be seen that the calculatedow- eld mobility is
reduced here, in most cases by about 40%, compared to the \edun Fig. 6.8 (b).
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Figure 6.12: Electron mobility in the lower Band of BAC modelincluding scat-
tering by full distribution of N states, for di erent values of x in GaNyAs; .

This reduction arises due both to the band nonparabolicityn the BAC model,
and also due to the increased band edge mass in the BAC modahpared to the
parabolic band model used in Fig. 6.8 (b), which assumed areetron mass equal
to that in GaAs. These low- eld mobilities are very similar to those calculated
by Fahy et al. [13] using the full distribution of N states and a parabolic &nd
model with the BAC band edge e ective mass. The mobility agai decreases
with increasing eld in the BAC model, associated in this cas with electrons
approaching the at band dispersion at the top of the BAC band Since the
localised state spectrum and the position of the conductioband edge change
substantially with nitrogen concentration, the observed riends in the variation of
mobility is not monotonic, i.e. the mobility may not necessaly increase when
the nitrogen concentration decreases, as seen in Figs. 68l &.12.

Figure 6.13 shows the electric eld dependence of the driftelocity in
GaNyAs; « for x = 1:2%, calculated using the BAC model. The dashed-dotted
red line shows the drift velocity calculated in the BAC modelomitting the e ects
of N scattering. It can be seen that the BAC band nonparabolity, and nite
cut-o energy, Enax, lead in this case to a negative di erential velocity above a
eld F =7 kv/cm. This behaviour is similar to that calculated previously us-
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Figure 6.13: Electric eld dependence of drift velocity in he lower band of BAC
model in GaNy.g120ASe:998, IN the absence of N scattering (dashed-dotted red line),
including scattering by isolated N (dashed blue line), andufl distribution of N

states (solid green line).

ing detailed balance equations [15] and assuming energgépendent scattering
times. The blue dashed line shows the calculated drift velib including scatter-
ing by isolated N levels, while the solid green line shows theeect of including
scattering due to the full LCINS distribution of N levels. It can be seen that both
of these reduce the calculated peak velocity value, shifgnit also to a slightly
higher eld, and leading to a substantial reduction in the véocity- eld slope value
in the negative di erential velocity region.
Figure 6.14 shows the drift velocity versus electric eld daulated for various
values ofx in GaNyAs; y using the BAC model, and including scattering due
to the LCINS distribution of N states. For comparison, the skd red line shows
the drift velocity of GaAs, calculated using the parabolic Bnd model. It can
be seen that using the BAC model and including nitrogen scating leads to
a much reduced peak velocity for all N compositions. It can beoted that,
whereas the calculated drift velocity begins to increase aig with increasing eld
in GaAs, it continues to decrease to higher eld in the N-cortining samples. This
continued reduction occurs because the BAC model used in F&14 includes the
unphysical assumption that carriers cannot be acceleratéd energies aboveé 5 -
An increasing proportion of carriers are then found near tohe top of the BAC
band with increasing eld, where the large mass and strong Ncattering then

limit the calculated drift velocity value.
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Figure 6.14: Electric eld dependence of drift velocity in BC model, including
scattering by full distribution of N states, in GaN(As; x with di erent values of
N concentration Xx.

6.5 Discussion and conclusions

It is well recognized that modeling of electron transport grperties in dilute nitride
alloys is dicult [83], because N introduces such a strong paurbation to the
conduction band dispersion, with the in uence of N often desibed using the
band-anticrossing model [9]. The low- eld mobility of GaNA has previously been
calculated using both parabolic band [13, 16] and BAC [16, 385] approaches.
Both methods predict a strongly reduced electron mobilityri GaNAs compared
to GaAs, in good agreement with experiment, for which typidamobility values
are in the range 100 200 cnt/Vs.

There is also interest in the intermediate and high- eld trasport properties
of dilute nitride alloys, both for potential negative di erential (NDV) devices [15],
and also for suppression of electron multiplication in avahche photodiodes [14].
Theoretical analysis of such structures requires an undéxading of the behaviour
of higher energy electrons in GaNAs alloys.

In order to address this problem, we therefore rst consided here the band
structure of dilute nitride alloys, using a Green's functio model in Y 6.2 to address
the conduction band dispersion in random alloys. We showeHddt the BAC model
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describes well the band dispersion away from N resonant sta¢nergies, but that
the energy gap predicted by the BAC model does not occur in acl Ga(ln)AsN
samples. Instead, the gap is washed out both because of dikare ects and also
because the N levels are broadened, due to their being resanaith the host
matrix conduction band levels.

It is very dicult to treat the Green's function band structu re exactly in
conventional transport models, and we did not attempt to do®. Instead we use
and compare the results of two approaches, one of which iselik to provide a
lower bound on the e ects of N incorporation, while the secahapproach clearly
overestimates the e ects of N on the band structure.

For the rst approach, we assumed that the conduction band teins a
parabolic dispersion, but included explicitly the strong e@sonant scattering as-
sociated both with isolated N atoms and also with a full disibution of N states,
calculated using a tight-binding approach. We showed thathie N-related elastic
scattering strongly limits the mobility and the acceleraton of electrons to higher
energy, with the initial transfer of carriers to the L bands ecurring at higher eld
than for GaAs, and with a much higher eld also being requiredo achieve close
to total carrier transfer to the L bands.

This reduction in low- eld mobility and slower rate of carrier transfer to the
L bands leads to a suppression of the strong negative di ergl velocity (NDV)

e ects observed in GaAs, consistent with NDV only being obseed to date in
GaNAs at very low N composition & 0:2%) and temperature.

We nevertheless nd at the high elds required for avalanchenultiplication
that the calculated fraction of carriers in the L bands is comarable in GaNAs
and in GaAs, consistent with the experimental observationhat electron multipli-
cation in GaNAs samples shows similar behaviour to that obsed in GaAs [52].

The results of this parabolic band model were then comparedttvcalculations
using the highly non-parabolic band dispersion given by thBAC model, where
the carriers are constrained to remain in the lower BAC bandat energies below
the normal N resonant state energy. These calculations shdhat the inclusion
of a strongly non-parabolic band dispersion with N resonargcattering further
reduces the low- eld mobility compared to the parabolic bad case. The results
of the BAC-based calculations are not however expected to belevant at high
elds, because of the unphysical constraint of limiting theslectron acceleration
to a maximum cut-o energy.

We conclude for lower N concentration, in agreement with pwous Monte-
Carlo calculation [16, 58] and experimental results [15]hat NDV can still be
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present, but at higher electric elds than those where NDV omurs in GaAs.
However, for higher N concentration NDV disappears, in ageenent with experi-
mental measurement [57].

Overall, we conclude that it remains a challenging problenotdescribe exactly
intermediate- and high- eld carrier transport in dilute nitride alloys, including
details of the conduction band dispersion such as we presedtin Y 6.2. Never-
theless, the combination of information from the two modelsvhich we use here
provides a clear analysis of the strong in uence of N scattieg on electron trans-
port in dilute nitride alloys, consistent with the observedexperimental behaviour
across the complete range of electric elds considered. Im&pter 7 we will fur-
ther investigate the band structure of GaNAs by nding the canplex poles of the
SCGF method presented in Chapter 5. We then calculate the bédrdispersion,
scattering rate and mobility of carriers using this method.
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Chapter 7

Band dispersion, scattering rate
and carrier mobility using the
poles of the Green's function

7.1 Introduction

In Chapter 6, we calculated electron mobilities using two ggoximate models
of the carrier band dispersion and scattering: the parabaliband model and the
BAC model. In the parabolic band model, we ignored the e ectsf the localised
states on the band dispersion and included only their e ectrothe carrier scat-
tering rate. In the BAC model, we included principally the eect on the band
dispersion, while calculating the nitrogen scattering rat approximately from sec-
ond order perturbation theory. In this chapter we calculatethe carrier band
dispersions and scattering rates in a self-consistent mamfrom the (complex)
poles of the Green's functiorGy, discussed in Chapter 5. This allows us to take
into account the e ects of nitrogen-induced states on bothhe band dispersion
and carrier scattering. We nd poles ofGy, at complex energies'y(k). We in-
terpret the real part of ",(k) as the physical (average) energy of a carrier state
of momentumk and the imaginary part (multiplied by 2=~) as the scattering
rate due to disorder.

We then use these band dispersions and scattering rates inearsclassical cal-
culation of the carrier mobility, obtained from the Boltzmann Transport Equation
in the relaxation time approximation, in an approach formdl similar to that used
in Ref. [13], where a parabolic model of the band dispersiomsvused. Our results
show a shorter carrier mean free path and lower carrier moibyl for GaNAs, com-
pared with those obtained in Ref. [13], agreeing more clogekith experimental
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measurements of the carrier mobility.

To nd the poles "y(k), where Gkkl("p(k)) = 0, we need to solve for the self-
consistent Green's function (SCGF) at complex energies. Inding the density
of states in Chapter 5, we determined the self-consistent &n's function for real
values of the energy using an iterative search method to selthe self-consistent
equations (Egs. (5.2) and (5.3)) involved. We found that tts iterative search
method converged well for the range of energies of interedowever, there is
no general guarantee that such a method will converge for atary complex
energies. (Indeed, there was no guarantee in advance thatwbuld converge
for real energies, but we found empirically that it did.) In nding the complex
poles, it turns out that we can simplify the problem, making se of a particular
property of the integrated Green's functionGe(E) = G (E)d3k, namely that
it depends on theE only through the quantity = G, !+ Ei, where E, =
~?k?=2m . Thus, for eachk, sinceG,," = 0 at the pole, the (self-consistent) value
of that we require at the pole energy is simplfx. (We note that this approach
is valid only at the poles and does not allow determination dhe Green's function
at other values of the complex energy.) This substantiallyimpli es the numerical
problem of determining the pole energies,(k), as discussed in Y 7.3.1, below.

The object of this chapter is to calculate charge transport neperties taking
into account the scattering rates and energy shifts of the oder bands, calculated
in a self-consistent manner. Band dispersions and scattegi rates are obtained
from the poles of the Green's functions, and compared withrsple parabolic and
BAC models of the bands.

We present in the next section the SCGF method with complex engy, and
then in Y 7.3 and Y 7.4 we calculate the poles of Green's fuantifor two-level
and LCINS models, respectively. Thereafter in Y 7.5, we calate the rates for
electron scattering by N states, and derive the n-type caer mobility and mean
free path for GaN, As; yalloys in Y 7.6. Finally we summarize and conclude in
Y 7.7.

7.2 The poles of the SCGF

7.2.1 The self-consistent Green's function method

We have already shown in Y 5.2 that the Green's function for &nded statesk
and localised stateg are given by Egs. (5.2) and (5.4), respectively. Also the
(complex) energy shift of each localised stafeis given by Eqg. (5.3).

We solved equations (5.2) and (5.3) self-consistently by dterative search
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numerical procedure, as they do not in general admit an andigal solution.
Having calculated E;(E), the density of states projected onto extended and
localised states can be calculated by Egs. (5.8) and (5.9¢spectively. The results
in Chapter 5 for the DOS, calculated in the two-level SCGF méibd, showed
excellent agreement with the DOS, calculated by numericali@gonalisation of
the Hamiltonian of random supercells, and con rms the validy of this method.

Once we have the Green's function, we can calculate a variety physical
properties of our system. Of particular importance in trangort calculations are
the poles of the Green's function, wher&,,'(",) = 0, in the lower-half complex
plane: the real part of", equals the energy of the state with momentunk and
the (negative) imaginary part is ~=(2 y), where  is the lifetime [84, p. 275].
Having these poles of the Green's function, we are then able to determine the
group velocity and decay rate of carrier states and, using ése in a semi-classical
Boltzmann transport equation, we can calculate the carriemobility.

To calculate the poles of the GF, we consider a complex enerdy= E + i ,
instead of real energyE in Egs.(5.2) and (5.3), whereE = <['] and = =["].
We then have the self-consistent equations for compléx

8 , 9 ,
< 1 X JVJ =
Guw(=." Ex — - ) a— 7.1
(") = <N | 3 E): (7.1)
and 2 X
Ei(")= J,\‘lj Gk ("); (7.2)
c K

We have considered two di erent methods of nding the polesfoGreen's func-
tion. In the rst method, we nd ", using acomplex eigenvalue methoghich is
explained in the next section. We present an alternativeerative search method
(analogous to that used in Chapter 5) of nding the poles in Apendix B. In this
method we search numerically for zeros @,,', by nding E;(") for all values
of real and imaginary part of the complex energy by an iterative search method.
Where both methods converge their results agree well, buterconvergence of the
second method tends to fail near band edges.

7.3 The two-band model

Here we rst consider the two-level model, assuming all lobsed states have the
same energ)Ey . This model provides a good understanding of the e ect of the
isolated N states in GaNAs alloys. We are also able to compate results of the
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SCGF approach calculated for the two-band model with the BAGnd supercell
models.

7.3.1 Complex eigenvalue method of nding the poles in
the 2-band model

The broadening Ejy (") in the two-level model, using Eq. (5.3), is given by

ZZ max
En()= T Gu(")Do(ERdEL: (7.3)

Employing Egs. (5.12) and (5.13), this can be written as

# 9
2EX2 (7.4)

max -
1

E max

8
(2m )*ag<
16 2-3

w( p
. (") +
(")In g 0

En (") =
N ("

N—r

E max

whereE nax is the maximum energy of band states coupling to the localdestates
and is de ned in Chapter 5. The condition for the pol€', of the Green's function

is Ve )
" "w En En(p)
Thus, substituting Ey for ("p) in Eq. (7.4) gives a single value of the localised
state energy shift for each momentunk as

(") = Ex (7.5)

30 52 P P 2
(M) ey pEct B e TR
16 2-3 k ™ L ) k. s

E_ max

En("p) =

E max

for 0O Ex Enpnax (7.6)

and there is no need to determine Ey by an iterative search. Solving Eq. (7.5)
and using the value of Ey("p) in Eq. (7.6) the complex band energies for the
2-level system are then given by the closed formula

o<

2
_ Ek + EN + EN ("P) Ex En En ("p)
. 2 4

+ V2.

c*

(7.7)

This is very similar to Eq. (3.4) that we used in the modi ed BAC, in Chapter 3.
The only di erence is that here the (complex) broadening pameter is given
explicitly by Eq. (7.6).

In Appendix B we present an iterative search method as an afteative way of
nding the poles of the Green's function. The iterative seath method of nding
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Figure 7.1: The real and imaginary parts of the broadening pameter Ey (") for
the two-band model of GaN As; ,with x = 0:2%. The green dashed lines, and
red dots show Ey ("p) calculated by complex eigenvalue approach and iterative
search method, respectively. The blue line shows the valué oEy (E) for the
corresponding real values oE = <("p). The horizontal lines display the values
obtained using the second order perturbation theory.

the poles failsto nd Ey (") for energiesE very close to band edges. In contrast
to the complex eigenvalue method, which calculatesEy (") only at poles of the
Green's function, the iterative search approach calculage En(E + i ) for all
values of real,E, and imaginary, , parts of the complex energy surface.

Figure 7.1 displays the imaginary and real parts of Ey (") at poles,",, and
at the real energyE. Dashed green lines in this gure show the imaginary and
real parts of Ey("p) calculated by Eq. (7.6) assumingEnax = 0:857 eV and
varying CB energy from 0 to 0.7 eV. The red dots in this gure sbw the same
quantities calculated using the iterative search method. &fy good agreement is
observed between the results of Ey (") in two methods. However, we see that
the iterative search method does not converge and is unabled any value of

En ("p) for energies close tdy, whereas the complex eigenvalue method does
not have this problem. In contrast to the iterative search miod, in the complex
eigenvalue method the upper sub-band starts frork = O.

The real and imaginary parts of Ey (E) at real axis of energy ( = 0) are
shown by the blue solid line in Fig. 7.1. Within the bands, fothe energies far
from localised N states, En("p) is apparently equal to Ey (E) (at real axis),
but this is not the case close tdy .

The results calculated at the poles deviate from those caleted at the real
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Figure 7.2: The imaginary part of poles of the Green's funan Gy, calculated
for 2-band model in GaN As; ywith x = 0:2%, using iterative search method by

En("p) (red dots) and Ey (E) for real E (blue stars), and complex eigenvalue
method (green dashed line) foEox = 857 meV and varying CB energyEy from
O to 0:7 eV.

axis, both at the bottom of upper and top of the lower band. From Egs. (5.6)
and (5.8) the density of states can be obtained by

D= (Ne= ?=[ En(E)l (7.8)

So the blue solid line in Fig. 7.1.(b) is proportional toD, (green circles in
Fig. 5.3). Later in this chapter we will compare some resultef considering
E; at real axis, E;(E), and on the complex surface, E;(").

In Fig. 7.2 the dashed green line displays the imaginary padf the poles,
"o versus its real value, calculated using complex eigenvalugethod. The blue
stars and red dots in this gure show the poles;,, of Green's function calculated
in iterative search method using Ey given on the complex surface (the green
dashed lines in Fig. 7.1), and at the real axis (the blue solihes in Fig. 7.1),
respectively. As we see, ignoring thedependence of Ey (assuming En("p) =

En(E)), pushes=[",] to zero for the energies just below the N energgy .

This plot again con rms the agreement between the two methadof nding
the poles. The complex eigenvalue method not only nds poldsr all energy
ranges, but also it is much faster than the iterative search ethod, as we do not
need any iteration to nd Ey at the poles of Green's function. However, we
note that if the maximum of CB energyEy approaches toE.x the logarithmic
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term in the bracket in Eq. (7.6) tends to in nity. This arises due to abrupt change
of coupling (from to zero) to states with energy greater tharE,.x. That is
why we avoid Ey very close toEax in calculating En (") using Eq. (7.6).

7.3.1.1 Exact solution for localised state with Lorentzian inhomoge-
neous broadening

We can extend this 2-band solution given in Eq. (7.7) to the of an inhomo-
geneously broadened level if we assume that the inhomogamedroadening is
given by a Lorentzian distribution, centered at energyey with energy width
In this case En (") in the previous formula for" is replaced by En("p) |
to give

o<

. Ek + EN + EN ("p) i Ek EN EN ("p)+ |
p = 2 4

+ V2. (7.9)

Note that, unlike the case for the localised level without lwadening, the imagi-
nary part of ", does not tend to zero ak ! 0. If the momentum band collides
with a continuous distribution of localised states, the |étime of the band state
Is nite at k = 0.

As the momentumk is varied, the lower energy band at smak will connect
continuously, either with the lower energy band or with the pper energy band at
largek. Which band topology occurs depends on the behaviour of thgugare root
in Eq. (7.9): if the localised state concentratiorx is very small or the broadening

is large, then the (complex) argument of the square root wirsdonce around the
origin in the complex plane ak goes from 0 tol and the lower band (for small
k) connects continuously with the upper band (for largek). An approximate

condition for this is ( ) 2

5 >V 32, (7.10)
whenEy = Ey + <[ Ey]. This then gives that

,2m )*?a3 — b

16 = Ex+ > 2 (7.11)

Thus, localised states of very low concentratior distort the band dispersion of
the original parabolic band but do not alter its topology, laving the upper and
lower sections of the original parabolic band connected t@eh other. For higher
concentrations, the lower band does not connect continudygo the upper band,
giving an anti-crossing type of band topology.
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Figure 7.3: Energy versus wavevector for GgMNAs; ,with x = 0:2% predicted by
the 2-level SCGF method. The blue stars display the result asming Ey (E +

i ) = En(E), while the red circles show the result with Ey ("p) using the
iterative search method. The green line shows the band disp®n calculated by
complex eigenvalue method.

7.3.2 The dispersion relation

The dashed green line in Fig. 7.3 shows the band dispersiom @aN,As; » with
X = 0:2% calculated by Egs. (7.6) and (7.7). HerE .« =857 meV and andEy is
varied from 0 to Q7 eV. The blue stars show the result of estimating Ey (") by

En (E) (given by blue solid lines in Fig. 7.1). The dispersion reten calculated
at the real axis of energy is similar to the one calculated byne BAC model.

The band dispersion calculated using the iterative searchethod is very sim-

ilar to the result of the complex eigenvalue approach. But duto the problem
with the stability of iterative search method of determiniry En ("), the upper
band in this method does not start from zero, whereas the coe eigenvalue
method does not have this problem.

7.3.3 Fractional character

As we have shown in Appendix A, the fractional character of land states is
' b
given by 0 . . 1,
f=jwuif=0l+ = ' A
M N i I'p Ej Ej( p)]z

(7.12)
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Figure 7.4: The fractional character for GaNy.q0,ASo:998 predicted by the 2-level
SCGF method by Eq. (7.14) (blue stars), and by Eq. (7.13) greesquares, com-
pared with the supercell calculations for a box with lengti. = 1003, containing

8000 N (red circles).Emax = 0:857 eV in both calculations andEy is varied from

0to O:75 eV.

By analogy with the corresponding result for exact eigendis we might expect
to obtain f from <[d",=dE(], that as shown in Appendix C to be given by

2 3 28 )
n < Ny
<295 _ <4 1 1X _ M _
dEy : Ne ; ['n B E("p)?
19 43
1 $EG) 7 (7.13)
d,

In the next section we will see that the results of Eq. (7.12)ral (7.13) are very
similar for energies far from N state energies. However, lattugh <[d",=dE] is a
good approximation forf , the two quantities are not strictly identical for states
with complex energies.

In the two-band model Eq. (7.12) becomes

2 3,

2
f =41+ e

7.14
o En  En(p) .

Figure 7.4 compares the fractional character calculatedypthe two-level SCGF
and the supercell calculations presented in Chapter 4, foraBly.002ASo:908. Here
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blue dots and green diamonds show the result calculated by &€q(7.14) and
(7.13), respectively, while the poles of Green's functiorr@calculated by complex
eigenvalue approach.

We observe that the self-consistent result calculated by E¢7.14) agrees very
well with the numerical results obtained for a supercell wit size L = 100a,
including 8000 N atoms. It is seen that the result ok[d",=dE] is in very good
agreement withf calculated by SCGF and supercell models, for energies far
from Ey. But just before N energy<[d",=dE,] deviates fromf calculated by
Eq. (7.14). Therefore, we again emphasize that, in contragh the calculation at
the real axis,<[d",=dE] (at the poles) does not always give the correct fractional

character. However, we will use<[d",=dE] in calculating group velocity, as
discussed in the following section.

7.3.4 Group velocity

The group velocity is proportional to the derivative of enegy with respect to
wave vector and can be written as

" # !
1 d", dEg 2E

1
VoI TS 9k TS 6B k. o m o OB

(7.15)

where <[d",=dE] is given by Eq. (7.13). In the BAC model the energies of the
BAC upper and lower conduction subbands, denoted b, and E , are given

by 8 9

1< q =
E = > En + bac(E) (En bac(E))2+4V§c; ; (7.16)

where pa(E) = Ex = ~?k?=2m . Using the chain rule with the general de nition
of group velocity, Eq. (7.15) can be written as

_ 1 dE d bacl
Vg(E) = S (7.17)
where d pac=dk = ~(2 pac=m ). Therefore
2 1= 1:Z(E)
E)y= — ~__bacr-l . 7.18
B = T elE)=dE (749
where in the BAC model
_ Viie .
bac(E) = E E E. (7.19)
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7.3 The two-band model
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===BAC model
Iterative search; DEN(E)

12

%
10j . lterative search; DEN(ep)

» Complex eigenvalue; DEN(ep)

0.1 . 0.2
A[ep] (eV)
Figure 7.5: The group velocity of Galgo2ASo.998, Calculated by the ordinary BAC
model (brown dashed line) in comparison with results of the-2vel SCGF method
with  En(E) (blue stars) and Ey("p) using iterative search (red circles) and

complex eigenvalue (green diamonds) methodEy is varied from 0 to Q6 eV and
Emax IS taken to be 0857 eV.

Actually Eqg. (7.18) could be given by substituting Ex and (d",=dEy) in
Eq. (7.15) by pac and (d pac(E)=dE), respectively. Fig. 7.5 compares the group
velocity calculated in the BAC and the two-band SCGF methods The brown
dashed line in this gure shows thevy calculated by Eq. (7.18) (BAC model),
while the blue stars represent the group velocity calculatieby SCGF method (by
Eq. (7.15)) using Ey (E) at the real axis (the blue stars in Fig. 7.2). It is seen
that the two-level SCGF at the real axis of energy gives a naswer gap, compared
to the BAC model. However, as we have already seen, the SCGFthed at the
poles”, of Green's function calculated by either complex eigenvadu(green dia-
monds) or iterative search (red circles) methods gives a veidgap than the SCGF
method at the real axis of energy. In this case, we see that thever band disap-
pears before the group velocity vanishes. This is physicalacceptable, bearing
in mind that in this region large imaginary energy (Fig. 7.2)mplies very strong
scattering.

The excellent agreement between the two-level SCGF appréaand the su-
percell calculations con rms the validity of using the SCGFo study the band
structure of dilute nitride alloys. However, the complete radel should include
the full distribution of localised states, as we will consigr in the next section.
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7. Band dispersion, scattering rate and carrier mobility using the poles of the
Green's function

7.4 The LCINS model

In the previous section we assumed all localised states wéseated at the same
energyEyn . This provided insight into the e ect of N states on the CB andwe
could compare the model with the supercell calculation rekks. However, a more
accurate model is required to consider the full distributio of nitrogen-induced
localised states, which arise when we consider the directtaraction between
localised states.

7.4.1 The complex eigenvalue method

If we represent the full distribution of localised states aa sum of N Lorentzians,
each centred at (real) energyg; with weight x; and width ;, so that for real E,

X Xj j .
= (B B2+ 7

Dioc = (7.20)
and assuming that the states of typg have an interaction parameter ; with the
conduction band, then using the integrated conduction ban@reen's function for
each momentumk

8 " 9
i} pP__ p_# ?
2m )32a3< 9 — Ex+ E =
(2m )™ p—< p_max  ppl=2 . (7.21)

Call)™ Tagos . BN PR PR e

we obtainN +1 band energies at the complex roots of thdl +1 order polynomial
equation obtained from

2
X Xj |

P j=1 IIp Ej szcb(k) +i j

= B (7.22)

In order to solve the roots of these equations we map the preph onto the
corresponding (complex) eigenvalue problem

Hn = ",nn; (7.23)
wheren is the eigenvector oH corresponding to the eigenvalu€),.n, Hoo = Ex,
Hj = Ej+ ?Ge(k) i andHg = Hjo= P% ;, andH; =0fori 6 j. By

varying Eyx from zero to its maximum value we are able to calculate the ped
"o:n(Ex) for each sub-bandn.
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7.4 The LCINS model
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Energy (eV)
Figure 7.6: Calculated density of localised LCINS states fdGaNg.003sAS0:9964
versus their energies with respect to the CBE of GaAs, whileaeh energy level is
broadened to a Gaussian of width 1 meV (solid green line). Thaashed red line
shows the summation of 9 Lorentzians tted to this distribuion. The Lorentzian
parameters are given in Table 7.1.

7.4.2 The band dispersion calculated using the complex
eigenvalue method

The solid green line in Fig. 7.6 represents the distributiomf localised LCINS
states calculated for GaNAs; y with x =0:36% [11]. Our analysis shows that the
summation over 9 Lorentzians, given by the dashed red line Kig. 7.6 is su cient
to provide a distribution very close to the LCINS distribution. The energy peak
E;, weight x;, width ; and interaction parameter ; for each Lorentzian is given
in Table 7.1. ;'s are calculated by averaging/j= N for each given Lorentzian.
Having these Lorentzian parameters we can build the Hamiltean of Eq. (7.23)
and calculate the eigenvalues of this equation, which are éhpoles of Green's
function.

In Appendix B the details of nding the poles for the LCINS appoach is

Table 7.1: Lorentzian tting parameters (Eg. (7.20)) of the LCINS distribution
for GaNo0036AS0:9964-

j 1 |2 3 4 5 6 7 8 9
E; (meV) | 21.9| 168.9| 215.6| 232.8| 242.1| 251.8| 265.1| 286.8| 301.7
x( 10407 [07 |09 |11.0 [102 |71 |37 |13 |13
(meV) [2.00]1.84 [1.77 | 564 | 126 | 455 |4.96 | 4.70 | 5.39
((eV) 2.66| 243 | 1.94 |1.17 | 1.75 | 2.26 | 3.01 | 2.49 | 1.83
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7. Band dispersion, scattering rate and carrier mobility using the poles of the
Green's function
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Figure 7.7: The dispersion relation of GalyossASo:0064 Calculated by the SCGF
approach using the full distribution of nitrogen localisedstates from the LCINS
method. The pink circles show the band dispersion when the lgs", are calcu-
lated using the iterative search method while the dotted lies display the results
when the poles of Green's function,,, are calculated by Eq. (7.23).

presented for the iterative search method. Fig. 7.7 compar¢he band dispersion
of GaNy.0036AS0:9964 USINg the SCGF method and using the iterative search and
complex eigenvalue approaches. The dotted lines in this plshow the disper-

Table 7.2: Lorentzian tting parameters (Eq. (7.20)) of theLCINS distribution
for GaNo.001ASo:999-

j 1 2 3 4 5 6 7 8 9 10 |11 |12 |13
Ej (meV) |22 | 169 | 217 | 229 | 235 | 243 | 252 | 259 | 263 | 267 | 286 | 300 | 305
xj( 104 |0.06| 0.07|0.10| 0.30| 1.01| 7.10| 0.81| 0.18| 0.10| 0.15| 0.10| 0.05| 0.04
i (meV) 1 1 1 2 2 1 2 15 |1 1 1 04 |3
j(ev) 27 |26 |25 |06 |09 |19 (25 |27 |29 |29 |06 |02 |18

Table 7.3: Lorentzian tting parameters (Eq. (7.20)) of the LCINS distribution
for GaNo.012AS0:088-

j 1 /2 |3 |4 |5 |6 |7 8 9 10 |11 |12 |13 |14 |15
Ej (meV) | -74|-50|-41|22 |27 | 41 | 168| 210| 229 | 241 | 253 | 270 | 291 | 308| 335
xj( 10%[0.1]/01]03]23|23|15|46|7.6|18.2|21.3[12.1|19.7|10.6]9.1 1.8
j(meV) 3 /3 |3 |5 |5 |5 |5 5 7 6 7 10 |10 |10 |5

j(eVv) 36/30(29,24|24|28(20 (13|11 13 |15 |23 |28 |29 |27
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7.4 The LCINS model

sion relation calculated by Eq. (7.23). As we have consider® Lorentzians to
t with LCINS distribution, this band dispersion consists of 10 subbands. As
we mentioned earlier, in the complex eigenvalue method farfje momentumk,
the bands are bent towards higher energies because at highalues,Ex becomes
close to assumed o« (=1 eV). Very good agreement is observed between the re-
sults calculated by iterative search method (pink circlesand the band dispersion
calculated using the complex eigenvalue method of Eq. (7)23The only di er-
ence is that in the complex eigenvalue approach each sub-dastarts from k = 0
and continues to the maximumk considered. However, nding the summation
of Lorentzians to t with LCINS distribution is tricky as sma ll di erences in the
distributions lead discrepancies in the band structure.

7.4.3 Fractional character

The fractional character can be calculated using Eq. (7.12 Pink stars in
Fig. 7.8 display the fractional character, calculated by £GF including the
full LCINS distribution using the iterative search method br GaN,As; , with
X = 0:1%, x = 0:36% andx = 1:2%. The parameters for sum of the Lorentzian
tted to LCINS distribution, including the energy peak E;, weight x;, width ;
and interaction ; are given in Tables 7.1, 7.2, and 7.3 for = 0:36%, x = 0:01%
and x = 1:2%, respectively.

In the complex eigenvalue method of nding the poles, the fdional charac-
ter, for each sub-band, can also be obtained by the square bkt rst component
of the eigenvector of Eq. (7.23). The contribution of each (krentzian broadened)
localised statej can also be obtained by calculating-th component of the eigen-
vector of Eq. (7.23). Circles in Fig. 7.8 shoWw calculated using the eigenvectors
of Eq. (7.23) for GaNAs; x with x = 0:1%, x = 0:36% andx = 1:2%. For
X = 0:1% and 12% we have considered sum of 13 and 15 Lorentzians, respec-
tively, to t to the LCINS distribution shown in Fig. (2.2).

It is seen in this gure, that the inclusion of the full LCINS distributions leads
to sharp reductions inf at energies corresponding to pair N (close to the CBE),
and higher clusters (just below the isolated N states). Thetaes with low f ,
located about localised N states, have more localised chetex, while the state
at the bottom of the CB, in the middle of lower band, (after N pars), and above
0:3 eV have higherf , implying that they are more extended in nature. Fig. 7.8
shows that the states close to the mini-gaps have a very smaltontribution.

As shown in Fig. 7.9, for low nitrogen compositionX = 0:1%) only one
Lorentzian-broadened component of the LCINS distributiorfthat corresponding
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7. Band dispersion, scattering rate and carrier mobility using the poles of the
Green's function

1
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Figure 7.8: The fractional character for GaN(As; 4 for di erent values of N

concentration x, calculated by the SCGF approach and the full distribution 6
LCINS method. The pink stars showf calculated using the iterative search
method in comparison with those calculated by the complexggnvalue method,
shown by the dotted lines.

to isolated N states) has su ciently large concentrationx; to disrupt the topology
of the parabolic band and open a gap between upper and lowemls, as discussed
in Y 7.3.1.1. For the other types of localised state (N-N pairetc.), the parabolic
band connects continuously from energies below to energesove the localised
state as the momentunk increases.

Figure 7.9 shows the energy variation with respect to the wavector in
GaNyAs; « with x = 0:1, 05, 12 and 20%, calculated by the SCGF method
in the framework of the LCINS approach to include the full N dstribution and
using the complex eigenvalue approach. In this plot the ergyr spectrum for
eachk state is given by a sum of Lorentzians centred at(",.n) with broadening
=("p:n) and weighted byj wm:.nj? for each sub-bandn. It is seen that the over-
all band dispersion is similar to BAC model dispersion, buthte inhomogeneous
broadening of localised states leads to an increased enebggadening at eachk
point. The dispersion at eachk point is broadened over a range of energy values,
with the broadening increasing around the nitrogen resonastate energies. The
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7.4 The LCINS model

Figure 7.9: The band dispersion of GapAs; 4 with x =0:1, 05, 1:2 and 20%,
calculated by the SCGF method and including the full distrilution of localised
states, while eachk state its broadened by a Lorentzian with broadening equal
to its decay rate and weighted byf . The white dots show the (N+1)-band
dispersion calculated by Eq. (7.23).

character of the states decreases toward zero around the gm Also Fig. 7.9
indicates the existence of a distribution of localised N-la&ted states within these
energy gaps. This plot also indicates that in the region thathe iterative search
method (Fig. B.2) fails to nd the poles, the bands have a verysmall weight in
the host conduction band but are primarily localised in chacter.

7.4.4 Group velocity

Figure 7.10 shows the group velocity for GagdozsASo:9964 Calculated by Eq. (7.13),
and using the full distribution of localised states from theLCINS model. The
circles with di erent colors in Fig. 7.10 indicate the groupvelocity calculated
using (1=~)<(d"p.n=dk) for n-th sub-band.

Overall group velocity is similar to BAC model's result, butwith correspond-
ing dips at energies near the N pair energy and larger clussenf N states. Moving
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