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The optical properties of~InP!2 /~GaP!2 bilayer superlattice~BSL! structures have been examined
with linearly polarized cathodoluminescence~CL!, time-resolved CL spectroscopy, and
cathodoluminescence wavelength imaging. An In and Ga composition modulation of;18% forms
during the metalorganic chemical vapor deposition growth of short period~InP!2 /~GaP!2 bilayer
superlattices. Transmission electron microscopy showed a period of;800 Å along the@110#
direction, resulting in coherently strained quantum wires. A strong excitation dependence of the
polarization anisotropy and energy of excitonic luminescence from the quantum wires was found.
The results are consistent with a phase-space and band filling model that is based on ak–p and two
dimensional quantum confinement calculation which takes the coherency strain into account. CL
images reveal that defects in the BSL originate from the GaAs substrate and/or the initial stages of
InGaP growth. The effects of defects on the band filling, carrier relaxation kinetics, and nonlinear
optical properties were examined. ©1997 American Institute of Physics.
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I. INTRODUCTION

The use of strained-layer epitaxy has recently sho
great promise for the formation of nanostructures~quantum
wires and dots!. The implementation of nanostructures
lasers leads to lowered lasing threshold currents, owing
spikelike density of states~DOS! that yields a much nar
rower and higher peak gain as compared to quantum
lasers.1–7 The presence of strain in quantum heterostructu
will also alter the in-plane hole masses, leading to a hig
speed lasing modulation capability.8 For quantum wires
~QWRs!, the momentum matrix elements depend sensitiv
on the electric field polarization, leading to an enhancem
in the polarization dependent spontaneous emission and
tical gain coefficients relative to quantum well~QW!
lasers.1,2,4The high quality of the heterolayers and interfac
that can be achieved during a single growth step circumv
the need for post-growth etching and patterning on a nan
cale that can inevitably degrade the optical and struct
quality of the nanostructure and its surroundi
barriers.6,7,9–11

Among thein situ growth approaches that have yielde
success in the growth of nanostructures is the growth
GaAs/AlGaAs QWs on substrates with prepatterned me
and V grooves where the facet-dependent Al and Ga ca
growth and migration rates enable lateral variations in
QW thickness and attendant confinement energies, yieldi
two-dimensional~2D! or 3D confinement of carriers.6,7,9–11

Other studies have shown that an alternating beam growt
GaAs/AlAs on misoriented substrates results in a 2D ba
gap modulation via the formation of a tilted superlattice4,5

Recently, QWRs have been fabricated by a strain-indu
lateral ordering~SILO! process which occurs spontaneous
when (GaP)n /(InP)n and (GaAs)n /(InAs)n short-period su-
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perlattices are grown on GaAs~001! and InP~001!,
respectively.12–20 The SILO approach will be the focus o
this article, which follows our recent report describing t
observation of nonlinear optical properties of a
~InP!2 /~GaP!2 bilayer superlattice~BSL! structure.17,18A lat-
eral modulation of the In and Ga compositions, by as mu
as;30%, has been observed in transmission electron
croscopy~TEM! and energy dispersive x-ray spectrosco
~EDS! studies.14,16 The driving force for the long-range lat
eral ordering is attributed to the surface strain during
initial stages of heteroepitaxial growth and attendant sp
odal decomposition during the initial stages of the BS
growth.13,16

Optical measurements of SILO structures using photo
minescence, electroluminescence, cathodoluminesc
~CL!, and photoreflectance have shown evidence suppor
the existence of QWRs due to quantum confinement al
both the growth direction and the composition modulati
direction.14–20Nonlinear optical properties in such structur
are expected to be enhanced due to the narrowing of
density of states~DOS! in two-dimensionally confined sys
tems. One important nonlinear optical property is the cha
in the emission of light~in energy, polarization, and inten
sity! that results from phase-space filling of carriers.17,18 In
this study, we examine the nonlinear optical properties a
carrier relaxation dynamics of~InP!2 /~GaP!2 BSL samples
using time-resolved CL, linearly polarized cathodolumine
cence~LPCL!, and cathodoluminescence wavelength ima
ing ~CLWI! techniques. We demonstrate the existence of
excitation- and temperature-dependent polarization ani
ropy in luminescence coming from the SILO quantum wire
A theoretical simulation of the band-filling, luminescen
energy shifts and polarization anisotropy changes was
formed for the QWRs using ak–p band-structure calculation
which takes the coherency strain and 2D quantum confi
ment into account. Experimental results from LPCL a
68377/16/$10.00 © 1997 American Institute of Physics
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FIG. 1. ~a! A schematic diagram of the~InP!2 /~GaP!2 BSL and type-I to type-II superlattice modulation fore–v1 ande–v2 transitions.~b! Cross-section
transmission electron micrography showing the composition modulation along the@110# direction.
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excitation-dependent CL are compared with the theoret
calculations. Evidence for strong nonlinear optical effects
a cornerstone in establishing true QWR behavior and fur
underscores the good potential for applications in low thre
old lasers and exotic light modulators.

In addition, the epitaxial growth of InxGa12xP is found
to be very sensitive to the initial surface quality of th
GaAs~001! substrate, its level of misorientation, the grow
temperature, and growth rate.21,22 The resulting quality and
homogeneity of~InP!2 /~GaP!2 QWRs are also thus expecte
to strongly depend on these growth conditions. We have
amined the quality and reproducibility of QWRs grown o
6838 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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different substrates using LPCL and CLWI. The effects
defects and inhomogeneities in the BSL structure on
band filling, carrier relaxation kinetics, and nonlinear optic
properties were examined.

II. EXPERIMENT

The BSL structures in this study were grown by met
organic chemical vapor deposition~MOCVD! at Spire Cor-
poration. A schematic diagram of the structure is shown
Fig. 1~a!. First, a 3000 Å In0.49Ga0.51P buffer layer was
grown on a GaAs~001! substrate misoriented 3° towar
Rich, Tang, and Lin
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~111!A. The GaAs substrate was maintained atT5650 °C
during growth. Each (InP)2 and (GaP)2 bilayer was grown
in a time interval of;10 s, after which the system wa
purged to prepare for the succeeding layer. A total of
periods of~InP!2 /~GaP!2 were grown giving a thickness o
;200 Å. Finally, a 3000 Å In0.49Ga0.51P capping layer was
grown. All three samples~labeled as 2979, 2980 and 298!
were grown with nominally the same growth conditions.
evidenced by the data to be presented below, slight va
tions in the growth condition, such as the growth rates a
sample temperature, as well as the quality of the star
GaAs substrate, resulted in differences in the optical qua
among the three samples. Cross-sectional TEM of sam
2979 is shown in Fig. 1~b!, and reveals that the compositio
modulation occurred along the@110# direction with a period
of ;800 Å. Previous reports on similar structures show
that the In composition varies from;0.41 in the Ga-rich
region to;0.59 in the In-rich region.20 Such a lateral super
lattice embedded in an In0.49Ga0.51P barrier forms a multiple
QWR array, as illustrated in Fig. 1~a!.

The LPCL and CLWI experiments were performed w
a modified JEOL-840A scanning electron microscope us
a 10 keV electron beam with a probe current,I b , ranging
from 50 pA to 30 nA. This CL system with polarizatio
detection capability has been previously described.23 The
sample temperature was varied between 87 and 300 K, u
a liquid nitrogen cryogenic specimen stage. Light with t
electric field,E, parallel to the@110# or @11̄0# direction was
detected. The luminescence signal was dispersed b
1/4 m monochromator and detected by a cooled GaAs
photo-multiplier tube~PMT! with a spectral resolution o
;1 nm. In CLWI the wavelength,lm , at which the intensity
of luminescence is a maximum is mapped as a function
the spatial (x,y) position, and a gray-scale image represe
ing these wavelengths is generated.24,25 A scanning area of
128mm394mm in this study is discretized into 6403480
pixels. In order to determinelm(x,y), a spectrum consisting
of 45 wavelength points~obtained from 45 discrete mono
chromatic CL images!, varying from 650 to 740 nm, wa
obtained at each pixel position.

Time-resolved CL experiments were performed with t
method of delayed coincidence in an inverted single pho
counting mode, with a time resolution of;100 ps.26 Elec-
tron beam pulses of 50 ns width with a 1 MHz repetition rate
were used to excite the sample. The luminescence signal
dispersed by a 1/4 m monochromator and detected b
cooled GaAs:Cs PMT. Time-delayed CL spectra were
quired with a spectral resolution of;1 nm.

III. THEORY

In order to model nonlinear optical effects that are
sponsible for polarization and energy variations caused
changing the excitation conditions, the electron and h
eigenstates of the QWRs can be calculated by using a si
band effective mass approximation with band parame
found using thek–p perturbation method employing a fu
Luttinger–Kohn~LK ! and Pikus–Bir~PB! Hamiltonian, de-
noted asHLK(k) andHPB, respectively.

27 The aim in this
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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section is to describe the framework of the calculations t
are used to model data showing the excitation dependenc
the intensity, energy, and lineshape of polarized CL spe
which will be shown and discussed in Sec. IV. Ignoring t
coupling between the conduction and valence bands, one
obtain the complete wave functions of electron and holes
a QWR whose in-plane 2D confinement of carriers is defin
by x2y Cartesian coordinates from the following 3D Schr¨-
dinger equation:

FHTS 2 i
]

]x
,2 i

]

]y
,kzD1V~x,y,z!Gce,h~x,y,z!

5En
e,hce,h~x,y,z!, ~1!

whereHT(k)5HLK(k)1HPB is the combined Luttinger–
Kohn and Pikus–Bir Hamiltonian~see Appendix! modified
so as to accommodate quantum confinement along thex and
y directions;ce,h(x,y,z) is the electron or hole wave func
tion; En

e,h is the eigen-state energy. The modification
HT , in the effective mass approximation~EMA!, simply
entails replacingkx and ky with 2 i ]/]x and 2 i ]/]y, re-
spectively, resulting in a set of six coupled second-order
ear partial differential equations. Owing to the computatio
complexity of getting exact solutions of Eq.~1! for an arbi-
trary strain tensor and boundary conditions for the poten
and wave functions, it is desirable to simplify the treatme
Since the strain profile in QWR structures is complicated a
many uncertainties in the nanometer-scale structure rema
a simplified, single-band EMA treatment is desirable he
Therefore, we make the following assumptions:

~i! free-electron-like and free-hole-like solutions are a
sumed for motion along the QWR direction@i.e.,
ce,h(z)5exp(ikzz) andEz

e,h5\2kz
2/2mz

e,h#,
~ii ! the coupling between orthogonal eigenstates is

nored, i.e., ce,h(x,y)'ce,h(x)ce,h(y), as can be
verified for a relatively large dimension quantum wi
greater than;100 Å3100 Å,28 and

~iii ! a rectangular approximation is used for thex2y po-
tential profile Vc,v(x,y) and effective mass, which
can be determined by thek–p calculation discussion
above.

Equation~1! can then be separated into two ordinary diffe
ential equations forx andy, and the quantized energy level
En
e,h , can be solved separately for the two confinement

rections asEn
e,h5Ex,i

e,h1Ey, j
e,h , using a transfer matrix metho

~TMM !. The TMM was demonstrated to be very efficient
solving the Schro¨dinger equation with an arbitrary one
dimensional potential.29,30

Using these eigenstates, quasi-Fermi energies for e
trons and holes can be determined for a given excess ca
concentration,nq , to simulate the effects of band filling. Th
electron and hole carrier densities,ni

e,h , in these quantized
states can be determined by integrating the product of the
density of states and the Fermi–Dirac function,f (E
2fe,h), for electrons and holes. The quasi-Fermi leve
fe,h , are determined by solutions of the following equ
tions:
6839Rich, Tang, and Lin
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ni
e,h5E

Ei

` dE

pLxLy
S 2mz

e,h

\2 D 1/2 f ~E2fe,h!

AE2Ei
e,h

;

nq5(
i
ni
e5(

i
ni
h , ~2!

whereLx and Ly are the dimensions of the quantum wir
andmz

e,h is the effective mass along@11̄0# ~z direction!. The
luminescence lineshape,I (\v), can further be calculated
from

I ~\v!5(
i , j

I i j
2 E

Ei
e

\v2Eg2Ej
h

dE H~\v2Eg2Ei
e

2Ej
h!gJ~\v! f ~E2fe! f ~\v2Eg2E2fh!,

gJ~\v!5
1

p&\

Amr

A\v2Eg2Ei
e2Ej

h
, ~3!

whereH(E), the Heaviside function, is 0 forE,0 and is 1
for E>0, I i j is the overlap integral for electron and ho
envelope wave functions, i.e.,I i j5*d2rc i ,e(x,y)c j ,h(x,y),
and gJ(\v) is the joint density of states forkz-conserving
interband transitions in quantum wires, which contains
reduced mass termmr , where 1/mr51/mz

e11/mz
h . Using the

calculated values for the quasi-Fermi levels, we have ca
lated I (\v) as a function of carrier density. In addition,
include the effects of instrumental and inhomogene
broadening, we have convolvedI (\v) with a Gaussian of
width equal to the width of the narrowest optical transitio
which was measured for the lowest probe current, i.e.,

L~\v!5E
0

`

d~\v8!I ~\v8!expS 2
~\v2\v8!2

b2 D . ~4!

Furthermore, the polarization dependence of the lumin
cence from the QWRs can be calculated as a function
excitation density and temperature. SincegJ(\v) is singular
for the lowest energy optical transitions, the largest polari
tion anisotropy is dominated by states withkz50, which
occur for the lowest excitation conditions. From the over
integrals, I i j , and the calculated conduction and valen
Bloch functions, we can calculate the polarization depend
transition matrix elements. The integrated intensity of pol
ized luminescence is determined by the carrier occupa
densities and the electron-hole wavefunction overlap acc
ing to

I',i5(
i , j

ni
enj

huI i j ^ui ,cuE',i•puuj ,n&u2, ~5!

whereE',i is the electric field of emitted light which is de
tected either along the@110# ~'! or @11̄0# ~i! direction,p is
the linear momentum operator, andui ,c anduj ,v are the set
of band-edge conduction and valence band Bloch functio
the latter of which is a linear combination of the sixuJ,mj&
states in thê 110& representation as determined from t
Luttinger–Kohn and Pikus–Bir Hamiltonian~see Appendix!.
6840 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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IV. RESULTS AND DISCUSSION OF AN OPTICALLY
HOMOGENOUS QWR SAMPLE

A. Linearly polarized CL spectroscopy

Polarized and nonpolarized CL spectra were taken a
function of probe current in sample 2979, as shown in Fig
for a temperature of 87 K. In the wavelength range betwe
620 and 720 nm, two peaks, respectively, originating fro
the QWR and In0.49Ga0.51P bulk ~i.e., the buffer and capping
layers! are observed. CL imaging of this sample in Fig.
with wavelengths corresponding to emissions from~a! the
QWR and~b! In0.49Ga0.51P barriers, shows a high degree
homogeneity. The peak energy of the In0.49Ga0.51P bulk
emission remains almost constant (;1.950 eV) for the dif-
ferent probe currents in Fig. 2. Emission from the QWR h
a lower energy compared to that from the In0.49Ga0.51P lay-
ers, as the lateral composition modulation along@110# results
in ;400 Å3200 Å quantum wires composed of an In-ric
(GaP!2 /~InP!2 BSL region. The QWR peak energy shif
from 1.834 to 1.869 eV asI b increases from 50 pA to 30 nA
as observed in Fig. 2 and plotted~with dots! vs I b in Fig. 4.
This nonlinear optical behavior shows that the confin
states in the QWR can be filled by a fairly low electron bea
excitation. A narrower density of states is expected as
dimensionality of the quantum confinement increases fr
1D to 2D. We hypothesize that the SILO formation of qua
tum wires in the BSL leads to the enhanced phase-sp
filling and nonlinear optical effects.

To further test this hypothesis, we have examined
polarization dependence of the luminescence in detail.
luminescence from In0.49Ga0.51P bulk is polarized along the
@110# direction and the magnitude of such polarization do
not change for different probe currents and temperatu

FIG. 2. Stack plots of normalized spatially-integrated non-polarized~solid
line! and polarized~dashed lines! CL spectra taken for different probe cur
rents atT587 K.
Rich, Tang, and Lin
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This is consistent with a CuPt-like ordering which is fou
to occur along the@1̄11# or @11̄1# direction of an epitaxially
grown In0.49Ga0.51P layer.21,22,31–33On the other hand, the
polarization of emission from the QWRs has an orthogo
orientation and greatly depends on the probe current
temperature, as shown in Figs. 2 and 5. With an increas
probe current from 50 pA to 30 nA, the polarization ratio~or

FIG. 3. Monochromatic CL images of~a! the QWR and~b! In0.49Ga0.51P
barrier luminescence of sample 2979, showing uniformity in its opti
properties.

FIG. 4. Experimental and calculated energies of the peak CL intensity
sition,EP ~closed circle!, full width at half maximum~FWHM! of lumines-
cence lineshape~open circle!, and calculated quasi-Fermi level differenc
~dash lines! vs the excitation density (nq) and probe current (I b).
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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optical anisotropy! I i /I' , which is defined as the ratio o
integrated CL intensities with electric fieldE parallel and
perpendicular to the@11̄0# quantum wire directions, reduce
from ;1.5 to 1.1 at a temperature of 87 K. Under a fix
I b , the polarization ratio decreases as the temperature
creases, as shown in Fig. 5. These changes of polariza
with probe current and temperature are consistent with
band-filling model.

B. Application of theory to experimental results

The QWRs are assumed to be coherently strained so
their in-plane lattice constant,ai , is equal to that of GaAs
Assuming a biaxial strain on the~110! interfacial plane be-
tween In-rich and Ga-rich regions, we obtain the strain ten
in the ^100& representation for each In0.49Ga0.51P ~x50.41 or
0.59! region of the BSL as follows:

e115e225
2C442C12

C111C1212C44
e i ,

e1252
C1112C12

C111C1212C44
e i , e235e3150, e335e i ,

~6!

whereC11, andC12 andC44 are elastic stiffness constants
In0.49Ga0.51P, e i5(ai2ai)/ai is the ~001! in-plane strain,
andai is the unstrained lattice constant for either the In-
Ga-rich regions of the BSL, using a pseudo-alloy approxim
tion. The Luttinger parameters, deformation potentials, e
tic constants, and spin-orbit splitting were approximated
ing a linear interpolation between values which are kno
for GaP and InP.20 The diagonalization of the Hamiltonia
HT(kx ,ky ,kz) results in theE vs k bulk-band dispersion for
electrons and holes and enables a determination of the s
strain-split valence band Bloch functions, which contain a
mixtures of the u3/2,63/2&, u3/2,61/2&, and u1/2,61/2&
states, owing to the magnitude and low symmetry of
strain. The conduction to valence band offset ra
(DEc /DEv) is taken as 75/25, and is assumed independ
of the alloy composition.34 This results in type-I and type-I
superlattices for the two uppermost valence bands,v1 and
v2, as shown in Fig. 1~a!, in the In- and Ga-rich regions

l

o-

FIG. 5. Experimental and theoretical polarization ratios,I i /I' , as a func-
tion of the excitation density for sample 2979. Parallel and perpendic
subscripts are defined with respect to the@11̄0# quantum wire direction.
6841Rich, Tang, and Lin
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respectively, which have characters that are 96% heavy-
~hh; mj563/2! and 94% light-hole~lh; mj561/2! in the
^110& representation. Other salient features of the calcula
are thatDEc5120 meV, DEv540 meV for thev1 bands,
and v1 andv2 are split by 42 and 48 meV in the In- an
Ga-rich regions, respectively. Sincee–v1 ande–v2 transi-
tions are spatially direct and indirect transitions, respectiv
the relative contribution ofe–v1 ande–v2 optical transi-
tions should involve an interplay between the electron-h
wave function overlap and carrier occupation density. T
e–hh ande– lh transitions, in strained and quantum confin
systems, will generally exhibit an orthogonal polarization d
pendence. By altering the relative contributions of t
e–v1 ande–v2 transitions in the luminescence, which c
be accomplished by changing the excitation density~i.e.,
probe current here!, a variation in the polarization ratio i
thus expected.

A quantitative analysis was performed as discussed
Sec. III under the coherency strain condition. In this cal
lation all bound states were included and resulted in 21 e
tron, 45v1 and 20v2 states. The luminescence lineshap
were calculated from Eqs.~3! and~4! found to be a function
of carrier concentrations, as shown in Fig. 6. The position
maximum peak intensity ofI (\v), Ep , and the difference
between the quasi-Fermi energies of electrons and ho
fe2fh , are plotted versusnq in Fig. 4, and show a reason
able agreement with the experimental QWR peak posi
and width. As the quasi-Fermi level difference increases w
increasing probe current, optical transitions with higher
ergies contribute to the luminescence spectrum, resultin
the observed blue-shift in the QWR peak. In addition, m
higher energy states are involved in the luminescence c
ing the broadening with increasing excitation density. T
full width at half maximum~FWHM! of luminescence line-
shape is plotted in Fig. 4 in comparison with the experim

FIG. 6. Calculated luminescence lineshapes for~i! 0.01,~ii ! 2, ~iii ! 10, ~iv!
20, and~v! 5031017 cm23 showing blue shift and broadening of the FWHM
peak with increasing excess carrier concentration.
6842 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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tal results. The relationship between carrier concentra
nq and probe currentI b is given by

nq'
I bEbtQWR

3eEgpr e
2TBSL

, ~7!

whereEb is thee-beam energy,Eg is the In0.49Ga0.51P band
gap, r e is the effective lateral radius of the electron-ho
plasma generated by thee-beam,tQWR is the electron-hole
radiative recombination lifetime in the QWR, andTBSL
('200 Å) is the BSL thickness. UsingEg'1.950 eV, r e
'1mm, and tQWR'1 ns ~see Sec. IV C!,35 we get
nq(cm

23)51.731017I b(nA). In Eq. ~7!, we assume that al
the generated excess carriers are collected into the
layer. The value oftQWR used is only approximate; this life
time is expected to depend on thee2h excitation density as
the occupation of higher energy electron and hole states
affect the number of interband matrix elements used in
lifetime calculation.30 Further, thermal re-emission of carr
ers should increase under increased excitation and, par
larly, at higher temperatures, since the effective barrier~dif-
ference between the quasi-Fermi and unbound continu
levels! decreases with increasing excitation.

A calculated polarization ratioI i /I' as a function of
probe current and temperature, based on the diagonaliza
of HT(k) and the phase-space filling effects discussed
Sec. III, is shown in Fig. 5, and is compared with the expe
mental results. For our strained QWRs, the diagonaliza
of HT(k)5HLK(k)1HPB at kz50 will yield a ground-
statee1–v1 transition whose final hole states are of mix
hh and lh characters~as discussed above! and a polarization
ratio I i /I' which is either greater than or less than unity
determined by the interplay of quantum confinement a
strain inHLK(k) andHPB, respectively. The general fea
tures of the experiment and theory in Fig. 5 are quite con
tent, regarding the excitation-induced reduction in polari
tion anisotropy, and thus confirm that our phase-space fil
and SILO quantum wire model reasonably explains the n
linear optical behavior observed in the LPCL data. Dev
tions between experiment and theory can largely be trace
the optical collection system used in the experiment, as
ellipsoidal mirrors, which collects off-normal emissio
causes a polarization mixing that results in a maxim
I i /I' of ;4.23

C. Time-resolved CL, carrier thermalization in the
QWRs, and excitation-dependent changes in the QWR
luminescence

In order to examine the relaxation and collection of c
riers into the QWRs, we have measured time-delayed
spectra atT587 K for the various time-windows indicated i
Fig. 7. The time windows O1–O6 and D1–D7 denote tim
windows relative to the beginning ofonsetand decay, re-
spectively, of the luminescence, as referred to the beginn
and end of the electron beam pulses. The ratio of the in
grated CL intensities of the QWR (650<l<690 nm) and
In0.49Ga0.51P (625<l<645 nm) emissions,IQWR/I InGaP, in-
creases from;26 to;47 during the onset of luminescenc
in the O1–O6 time windows. The rapid rise of the QW
Rich, Tang, and Lin
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peak at the shortest window O1~centered at 100 ps! reflects
the rapid transfer of the carriers into the QWRs, which o
cupy only;2% of the material within thee-beam excitation
volume. As the time window moves from O1 to O6, th
QWR peak becomes blue-shifted by;3 nm, indicating that
carrier filling of the QWR bands and splitting of the qua
Fermi levels occurs during carrier capture into the QWR.
the other hand, the In0.49Ga0.51P emission shifts to the red b
;5 nm in the O1–O6 time windows, reflecting the therm
ization and carrier diffusion into lower-energy states of t
In0.49Ga0.51P barriers. The spectrum labeledin pulse, was
taken in the center of the 50-ns-widee-beam pulse, and rep
resents the CL spectrum after carrier generation and rec
bination has reached steady-state, as in the cons
excitation CL spectra of Fig. 2.

During the decay stage of the luminescence, a narrow
and red-shifting of both the QWR and In0.49Ga0.51P barrier
emissions are observed in the D1–D3 time windows in Fig
As expected, thee2h plasma continuously feeds the low
energy states in both the QWR and barriers as systems
ceeds towards equilibrium. The barrier emission dec
more rapidly in windows D1–D4, owing to the high qua
tum capture rate into the QWR, as also observed in the o
windows. The CL intensity versus time transients are sho
in Fig. 8 for various different sample temperatures. An init
luminescence decay timet is measured from the slopes o
the semi-logarithmic plots for both the QWR and InGaP b

FIG. 7. Time-delayed CL spectra~sample 2979! shown with various onset
(Oi ) and decay (Di ) time windows. All spectra are renormalized to ha
about the same maximum peak height. The spectrum labeledin pulsewas
acquired in the center of the 50 nse-beam pulse, after the system has nea
reached steady-state conditions.
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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rier luminescence and labeledtQWR andt InGaP, respectively.
From the inset of Fig. 8,tQWR decreases from 2.0 to 1.2 n
as the temperature increases from 87 to 230 K. The ba
luminescence, on the other hand, has a relatively cons
lifetime of tInGaP51.2 ns over this temperature range. Th
lifetime behavior reveals salient aspects of the thermaliza
of carriers in the QWR and barriers before recombination.
high temperatures, as in MQW systems,36,37 carriers can be
thermally re-emitted from the QWR prior to their recomb
nation. The rate of thermal re-emission of electrons a
holes depends on the quasi-Fermi levels and band-offs
which together yield the effective barrier heights. At low
temperatures, fewer carriers are thermally re-emitted,
carriers collected from the barrier recombine mainly in t
QWR through radiative recombination. At higher tempe
tures, additional channels exist for recombination via therm
re-emission from the QWR into the barriers, thereby red
ing the measured decay time.

We also measured the ratio of CL intensity emitted fro
different layers as a function of probe current. The rat

FIG. 8. CL transients of the QWR and In0.49Ga0.51P barrier luminescence for
various temperatures from 87 to 230 K. The resulting initial decay tim
tQWR andt InGaP, are shown vs temperature in the inset.
6843Rich, Tang, and Lin
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IQWR/I InGaP and IGaAs/I InGaP, as shown in Fig. 9, have
maximum at the intermediate probe current of;1 nA. At
low excitation, most of the excess carriers diffuse into
QWR from the InGaP barriers before they recombine a
evident from the large ratios in Fig. 9. As the probe curr
increases from 50 pA to;1 nA, an increased fraction o
carriers diffuse into the QWR and GaAs substrate, caus
an increase in the intensity ratios. It is plausible that
initial rise in theIQWR/I InGaPandIGaAs/I InGaPratios is due to
an enhanced mobility of carriers that arises from
excitation-induced screening of local depletion regions as
ciated with impurities and point defects in the In0.49Ga0.51P
barriers,38 thereby giving rise to a concomitant increase
carrier collection efficiency in the QWR and carrier trans
to the GaAs substrate. An enhanced diffusivity of exc
carriers as the excitation density is increased as has p
ously been observed in InxGa12xAs/GaAs MQWs.30 How-
ever, beyond a certain excitation density, the ratios reduc
phase-space filling of the QWR states inhibits carrier cap
into the QWR. Likewise, captured carriers may also be th
mally re-emitted from the QWR into the In0.49Ga0.51P barri-
ers at higher excitation densities given that the effective b
rier height for thermal re-emission is reduced due to
splitting of the electron and hole quasi-Fermi levels, as d
cussed above. The rates of electron and hole capture into
QWR should vary with the quasi-Fermi level positions
resonances for quantum capture depend on the availabili
unoccupied final states in the QWR.39 The IGaAs/I InGaP ratio
roughly follows the IQWR/I InGaP behavior, indicating that
carrier transfer into the GaAs substrate may be inhibited
excitation-induced changes in band-bending near
In0.49Ga0.51P/GaAs interface for higher probe currents.

As previously indicated, the CL image of Fig. 3 shows
homogeneous luminescence distribution in the sample
face plane. In order to probe the homogeneity along
growth direction, thee-beam energy was varied to give
depth profile of the QWR and In0.49Ga0.51P luminescence
The data reveal a slight difference between In0.49Ga0.51P lu-
minescence in the capping and buffer layers. As shown

FIG. 9. CL intensity ratios,IQWR/I InGaPandIGaAs/I InGaP, vse-beam current
for sample 2979.
6844 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997

Downloaded¬27¬Feb¬2007¬to¬132.72.138.1.¬Redistribution¬subject¬
e
is
t

g
e

n
o-

r
s
vi-

as
re
r-

r-
e
-
the

of

y
e

r-
e

in

Fig. 10, the peak energy of In0.49Ga0.51P luminescence de
creases from 1.957 to 1.948 eV whenEb is increased from 3
to 15 keV. The lower and higher beam energies give rise
luminescence weighted largely from the capping and bu
layers, respectively. The In0.49Ga0.51P buffer layer was grown
on a high-quality GaAs~001! surface while the capping laye
was grown on the BSL layers, exhibiting the;800 Å peri-
odic QWR ordering. Thus, the starting surface morpholo
for the In0.49Ga0.51P capping and buffer layers are differe
and should give rise to significant differences in the deg
of CuPt-like ordering. Previous studies have shown that s
strate surface misorientation and homogeneity can mark
affect the CuPt-like ordering and resulting ban
gap.21,22,31–33The ordering reduces the band gap by as mu
as;100 meV,21 possibly as a result of anL-point folding
that repels the band edge at theG-point.33 The 9 meV in-
crease in the In0.49Ga0.51P luminescence energy as the bea
energy is reduced from 15 to 3 keV therefore suggests
there is a reduced ordering in the In0.49Ga0.51P capping layer
relative to the In0.49Ga0.51P buffer layer, consistent with an
expected rougher surface morphology for In0.49Ga0.51P
growth on the QWRs. The increase in the QWR peak ene
asEb increases from 3 to 10 keV is a band filling effect th
results from moving the center of thee2h excitation volume
towards the BSL layer and increasing thee2h density as
Eb increases.

V. RESULTS AND DISCUSSION FOR QWR SAMPLES
EXHIBITING DISORDER

A. Linearly polarized CL imaging and spectroscopy

Linearly polarized CL spectra were acquired for all thr
samples~2979, 2980 and 2983!, as shown in Fig. 11. The
difference in In0.49Ga0.51P peak emission energies among t
three samples indicates that there may be slight differen
in In0.49Ga0.51P composition, growth temperature, grow
rate, or substrate surface conditions prior to and during

FIG. 10. Peak energies of CL emission intensity,EP , from the
In0.49Ga0.51P barriers and QWR luminescence in sample 2979 as a func
of e-beam energy.
Rich, Tang, and Lin
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initial phases of growth. As mentioned earlier, there are t
types of submicron-sized domains in the InxGa12xP grown
epitaxially on GaAs substrate, with CuPt-like ordering dire
tions along@1̄11# and@11̄1#.21,22,31–33The density and/or size
of these domains determines the luminescence peak pos
while the degree of ordering affects the rate of InxGa12xP
peak shift with increasing excitation density.21 Thus, slight
difference in growth conditions could result in variations
ordering and, concomitantly, in the effective band gaps.
sides the variation of peak energies, the surface morpho
is found to vary among the samples. Scanning electron
croscopy revealed a rough surface on sample 2983, ind
ing a high density of domains, consistent with the low
InxGa12xP emission energy among the three samples.21,22

Monochromatic CL images of sample 2980 in Fig. 12 sh
a spotty disorder pattern and exhibit a high-defect/spot d
sity of ;108 cm22. The samples exhibiting disorder in th
CL imaging ~2980 and 2983! also show broad multi-
component peaks in the spectral range corresponding to
QWR emission (655<l<780 nm) in Fig. 11. These fea
tures are evidently related to the disorder observed in the
images. Monochromatic CL images were taken over
same 128mm394mm region in sample 2980 with emissio
wavelengths corresponding to the GaAs substrate~830 nm!,
QWRs ~675 and 700 nm!, and In0.49Ga0.51P barrier layers
~637 nm!, as shown in Fig. 12. Again, a high defect dens
of 107–108 cm22 is observed. A spatial correlation of de
fects among these images indicates that they arise prob
from defects formed during the initial stages of growth
the GaAs substrate. Hagemanet al.,21 using microprobe

FIG. 11. Polarized CL spectra from all three QWR samples: 2979, 29
and 2983 atT587 K.
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997

Downloaded¬27¬Feb¬2007¬to¬132.72.138.1.¬Redistribution¬subject¬
o

-

ion

-
gy
i-
at-
t

n-

he

L
e

bly

analysis, have found evidence that defects in
InxGa12xP/GaAs(001) growth are caused by an initial a
sorption and agglomeration of In on the GaAs substra
These defects appear to affect locally the QWR formation
the BSL, as the spots in each CL image are spatially co
lated. The presence of dark spots in the CL imaging is c
sistent with the nonradiative recombination that may occu
the boundaries of the CuPt-like ordered domains, as the
terfaces between domains could give rise to a high nonr
ative recombination rate.40 Anti-phase boundaries, which in
volve neighboring In and Ga planes in the InxGa12xP
growth,21,41 could also give rise to regions exhibiting hig
nonradiative rates. The wavelength of the In0.49Ga0.51P bar-
rier emission, however, was not found to vary between bri
~B! and dark~D! regions as shown in Fig. 13 for two typica
local spectra. These defects appear to primarily introd
recombination centers without significantly affecting t

0,

FIG. 12. Monochromatic CL images of sample 2980 with wavelengths
637 nm (In0.49Ga0.51P barriers!, 675 and 700 nm~QWR emission!, and 830
nm ~GaAs substrate!, respectively.

FIG. 13. Local CL spectra taken from the bright~B! and dark~D! regions in
sample 2980.
6845Rich, Tang, and Lin
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CuPt-like ordering, as significant changes in the ordering
expected to cause variations in the In0.49Ga0.51P band
gap.21,22,31–33

The primary polarization direction of the luminescen
in the disordered samples~2980 and 2983! is the @110# di-
rection, orthogonal to that observed in sample 2979, wh
exhibited a spatially homogeneous luminescence distr
tion. As discussed in Sec. IV B, quantum confinement a
strain are two competing factors in determining the direct
of predominant polarization. The reversal of the QWR lum
nescence polarization anisotropy suggests:

~i! a substantial relaxation of strain in the In- and Ga-r
regions of the QWR in the BSL has occurred and/

~ii ! the formation of the domains and microstructure h
affected the details of the cation diffusion that led
the In- and Ga-rich regions and subsequent growth
the QWR.

In the second possibility, the QWR array may be compo
of sub-micron regions possessing QWRs whose widths
In composition vary markedly, leading to the broad mu
component QWR peaks observed in Fig. 11. The exis
data and complexity of the microstructure in CL imagin
however, does not allow for a quantitative assessmen
these two possibilities.

B. Time-resolved CL and excitation dependence of
the QWR luminescence

As in the case of the excitation dependence of the
mogeneous QWR sample~2979!, we should expect marke

FIG. 14. Constant excitation CL spectra from localized dark and br
regions in sample 2980 for variouse-beam currents. The results of th
decomposition of the data into two components~P1 andP2!, using fits to
Eq. ~8!, is shown.
6846 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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variations in the QWR spectral lineshape of the optica
inhomogeneous samples~2980 and 2983! upon varying the
excitation intensity. Such results are shown in Fig. 14
sample 2980, showing the QWR luminescence lineshape
varying beam currents. The electron beam was sharply
cused to regions corresponding to typicalbright and dark
regions in the CL image of sample 2980. The lower ene
side of the lineshapes is observed to dominate for a redu
beam current of 0.1 to;1 nA, after which, the higher energ
side of the spectrum has the larger intensity. We have
convoluted the QWR lineshapes into two Gaussian pea
P1 andP2 , to further quantify the behavior of the CL inten
sity. The spectral line shape,I (\v), is represented as

I ~\v!5a1 expS 2
~\v2E1!

2

b1
2 D

1a2 expS 2
~\v2E2!

2

b2
2 D , ~8!

whereai , Ei , andb i are the amplitude, energy position, an
Guassian width of peakPi ( i51,2). The results of the fitting
are shown in Fig. 14 as a solid line running through the da
and short- and long-dashed lines representing peaksP1 and
P2 , respectively. For the 14 spectra shown in Fig. 14,
mean values and standard deviations ofb1 , b2 , and E1

2E2 are 3665, 4969, and 6467 meV, respectively. The
fitting results fora1 , E1 , a2 , and E2 are further plotted
versuse-beam current in Fig. 15. As a result of band-fillin
the ratio ofa1 /a2 increases with the probe current and ind
cates that the two luminescence features are within a c
physical proximity of<1mm ~a carrier diffusion length! of
each other. However, the rate of such an increase is fast

t

FIG. 15. Plots of the fitting parameters of Eq.~8!, a1 /a2 , E1 andE2 vs
e-beam current in both bright~open symbols! and dark~closed symbols!
regions.
Rich, Tang, and Lin
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the bright region than in the dark region. While peaksP1 and
P2 shift towards higher energy with approximately the sa
rate as in sample 2979, the rate of the peak shift forP1 is
lower than that forP2 . The mechanism for these variation
in the band-filling may relate to the presence of additio
nonradiative recombination channels in the dark regions.
presence of such channels should increase the total reco
nation rate, thereby reducing the steady-state excitation
sity for a given beam current and rate of peak shift in
dark regions relative to that in the bright regions. The mo
discussed for sample 2979 in Secs. III and IV must be a
mented to include spatial variations in the density of non
diative centers when applying it to sample 2980. Moreov
local strain relaxation in close proximity to these defects w
reduce the magnitude of thev12v2 band splitting in the
QWR, thereby also reducing the redistribution of holes a
spatial separation of electrons and holes as the excitatio
changed.

FIG. 16. Time-delayed CL spectra~sample 2980! shown with various onset
(Oi ) and decay (Di ) time windows. All spectra are renormalized to ha
about the same maximum peak height. The spectrum labeledin pulsewas
acquired in the center of the 50 nse-beam pulse, after the system has nea
reached steady-state conditions. The decomposition of the spectra into
components~P1 andP2! using the model of Eq.~8! is shown in a fashion
similar to that of Fig. 14.
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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In order to better understand the details of the car
relaxation and transfer between the regions giving rise to
peaksP1 andP2 , we have acquired time-delayed spectra
sample 2980, as shown in Fig. 16 for a typical bright regio
Results for the dark regions are qualitatively similar. As
Sec. IV C, O1–O6 and D1–D7 represent spectra acquire
time windows corresponding to the onset and decay, res
tively, of the 50 ns electron beam pulses. The spectra in
16 are also fit according to the model of Eq.~8!, and the
peaks are labeled in the same fashion as in Fig. 14. Du
the onset of luminescence in Fig. 16, the carriers initia

wo

FIG. 17. ~a! CL peak energy of peaksP1 andP2 vs time and~b! CL peak
intensity ofP1 andP2 vs time, relative to the 50 ns widee-beam excitation
pulse. The results are shown for a typical bright region.
6847Rich, Tang, and Lin
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g 640

FIG. 18. CLWI consisting of~a! spectrally integrated CL~SICL! image and~b! spatial mapping of absolute CL peak energy (Ep), ~c! peak energy of
P1(E1), ~d! peak energy ofP2(E2), and ~e! log(a1 /a2). All images were taken over the same region and parameters were obtained by performin
3480 fits, corresponding to the number of pixels in the image, to Eq.~8!.
ea
-
y
a

T

h
in-

ion
relax in to regions corresponding to the high-energy p
P1 ~long-dashed lines!. Figure 17~a! shows a plot of the en
ergy positions ofP1 and P2 versus the onset and deca
times. A small red-shift of 16 meV together with a gradu
rise of the low-energy peakP2 ~short-dashed lines! is ob-
served as the system proceeds from windows O1 to O6.
spectrum labeledin pulseis again acquired with the window
6848 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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centered in the middle of the 50 nse-beam pulse, yielding a
lineshape representative of a steady-state excitation witI b
510 nA, as in Fig. 14. In the decay phase, the relative
tensity of P1 and P2 reverses@see Fig. 17~b!# as carriers
thermalize into the lower energyP2 states. Carrier feeding
into the P2 states is accomplished by thermal re-emiss
from the higher energy QWR states ofP1 , diffusive trans-
Rich, Tang, and Lin
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for CLWI
FIG. 19. Line scan analysis of the CLWI results taken along an arbitrary line indicated with a dash line in Fig. 18. The line scan analysis is shown
images taken for beam currents of 0.1, 1, and 10 nA.
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port over surrounding barriers, and carrier collections i
the P2 states. It is remarkable that the initial carrier rela
ation occurs into QWR regions exhibiting the high-ener
P1 states for short onset times of;100 ps. This shows the
existence of barriers inhibiting initially diffusive transpo
and collection into the low-energyP2 regions. The red-shift
of both P1 andP2 states is evident in Fig. 17~a! during the
decay since the carrier densities and quasi-Fermi level s
ting reduce as the system proceeds towards equilibrium.

The time-delayed spectra corroborate with t
excitation-dependent data of Fig. 14. Carrier transfer and
change between regions corresponding to theP1 and P2

emissions occur on a length scale less than;1mm. The
presence of these two emission strongly suggest the pos
ity of two different QWR widths and/or compositions th
would give rise to different excitonic energies. The disord
inducing the microstructure during the In0.49Ga0.51P growth
should also affect the details of phase separation and s
odal decomposition during the initial phases of t
~InP!2 /~GaP!2 BSL growth. The observation of a partiall
disordered QWR array, giving rise to two or more distin
emissions is, to our knowledge, a new observation in
SILO work. An even more complicated situation is observ
for the case of sample 2983, whose CL spectrum~Fig. 11!
reveals a broad BSL peak composed of many QWR-
components. Since all three samples were grown un
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997

Downloaded¬27¬Feb¬2007¬to¬132.72.138.1.¬Redistribution¬subject¬
o
-

it-

x-

il-

r

in-

t
e
d

e
er

nominally the same growth conditions, small variations
the growth conditions and substrate quality significantly
fluence the microstructure and concomitant optical prop
ties.

C. CL wavelength imaging of spectral and spatial
correlations in the QWR microstructure

To further examine the effect of defects on the optic
properties of the BSL structure, we employed a variation
the CL imaging technique that allows for simultaneous
quisition of spatial and spectral information. Previous stud
have shown that CL wavelength imaging or CLWI is ve
useful in studying the optical properties in the presence
defects or strain.25 In this study, a series of monochromat
CL images with wavelength ranging from 650 to 740 n
were taken of sample 2980. Figures 18~a! and 18~b! show the
mapping of the spectrally integrated CL~SICL! intensity and
energy of maximum CL intensity (EP) over a region of
128mm394mm under a probe current of 1 nA. The ma
ping of energy into a gray-scale representation is shown
the gray bar indicating the energy scale. The deconvolu
results,E1 , E2 , and log(a1 /a2) from the model of Eq.~8! are
also mapped over the same region as shown in Figs. 18~c!–
18~e!. The ratio ofa1 /a2 represents the relative intensity o
P1 andP2 . CLWI has also been performed for various oth
probe currents~0.1–10 nA!, yielding similar results.
6849Rich, Tang, and Lin
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In order to illustrate the correlation existing amongst t
images in Fig. 18, line scans of the imaging data are sho
in Fig. 19 for probe currents of 0.1, 1 and 10 nA, correspo
ing to low-, medium-, and high-excitation conditions, respe
tively. The spectrally integrated CL~SICL! intensity, the en-
ergy corresponding to the peak position of maximu
intensity for the total QWR CL spectrum (Ep), the ratio of
a1 /a2 , and the peak energies ofP1 andP2 ~E1 andE2! are
plotted as a function of the distance taken along an arbit
line. Vertical dashed and dotted lines are shown as a g
for the eye in assessing the correlations. For all excita
conditions, the dips in SICL~i.e., dark regions in the CL
images! correspond to dips in the CL peak energy a
a1 /a2 ratio. This is consistent with the idea that dark regio
contain a higher defect density which leads to a higher n
radiative recombination rate. In dark regions, this further
duces the band-filling, leading to a local red-shift and e
hancement of theP2 emission relative toP1 . The red-shift
in dark regions could also be caused by a local reductio
the compressive strain in the BSL caused by underlying
lular and CuPt-like domain related defects in t
In0.49Ga0.51P barriers. For all three current conditions, t
reduceda1 /a2 ratio near defects demonstrates a marked
duction in the nonlinear optical properties near the def
dark regions. Likewise, the energy positions of theP1 and
P2 peaks, denoted byE1 andE2 , show interesting correla
tions within the line scan. As the beam current is increas
the energy differenceE12E2 shows an enhanced sensitivi
near regions away from defects~i.e., bright regions!. That is,
E12E2 increases more rapidly away from the defects, ag
indicating that band-filling in higher-quality QWR region
~bright regions! enables a more-rapid blue-shifting of th
higher energyP1 peaks. This is also consistent with the n
tion that an enhanced mobility and diffusive transport of c
riers occurs in regions possessing fewer defects, thereb
cilitating the collection of carriers in QWR region
exhibiting theP1 emission.

VI. CONCLUSION

In conclusion, we have performed a detailed study of
band-filling and polarization anisotropy of~InP!2 /~GaP!2
QWRs using time-resolved CL and linearly polarized C
The BSL, owing to the SILO process, spontaneously ord
into QWR arrays. We have calculated the excitatio
dependent polarization anisotropy and CL energy shifts w
a k–p model that incorporates both strain and quantum c
finement. The calculations confirm a strong interplay b
tween band-filling ande2h wave function overlap, which
leads to very interesting and possibly useful nonlinear opt
and polarization properties. The linearly polarized CL a
excitation-dependent CL data are consistent with the ca
lations. Time-resolved CL measurements show a rapid c
ture of carriers from the In0.49Ga0.51P barrier on a scale o
less than;100 ps. Time-delayed spectra have been exa
ined to connect changes in CL linewidth and position w
band-filling in the QWR during theonsetanddecayof the
electron beam pulses. Experiments performed at var
temperatures show that thermal activation of carriers in
QWR and transfer to and from the In0.49Ga0.51P barriers
6850 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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plays an important role in determining the measured li
times. A decrease in lifetime at higher temperatures may
caused by thermal re-emission from the QWR to the barr

The optical properties and crystal quality of th
In0.49Ga0.51P barriers and~InP!2 /~GaP!2 BSL strongly de-
pended on the growth and sample surface conditio
Samples exhibiting nonuniform bright and dark regions
the CL imaging show large spatial variations in the pha
space filling and nonlinear optical properties. These defe
are associated with

~i! the starting GaAs substrate or
~ii ! the initial stages of In0.49Ga0.51P growth on GaAs in

which In-rich regions at the GaAs surface form.

The subsequent growth of a~InP!2 /~GaP!2 BSL over the
In0.49Ga0.51P buffer layer resulted in SILO QWRs. CL imag
ing showed that dark-defect regions arising in the Ga
QWR, and In0.49Ga0.51P emissions correlate spatially. A na
row luminescence lineshape for the QWR emission was
served for a sample exhibiting a high degree of homogen
in the CL imaging.

Two samples exhibiting disorder in the CL imagin
show a broadening of the QWR luminescence lineshape
two or more components. A detailed study of the excitat
dependence and spatial correlations of these component
been performed for a BSL sample which exhibits two QW
like components in its CL spectrum. Time-resolved CL a
excitation-dependent CL experiments show that diffus
transport and thermalization of carriers occur between
distinct QWR regions giving rise to the two componen
comprising the QWR spectral lineshape. CL wavelength
aging shows that defects existing in the barrier reduce
sensitivity of the QWR to band-filling, owing to the enhanc
ment of the nonradiative recombination rate and local red
tion of the steady-state carrier density. In conclusion, th
results demonstrate the need to minimize the defect den
and maximize the homogeneity in SILO QWR samples
order to optimize the nonlinear optical effects associa
with phase-space filling.
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APPENDIX A

The Luttinger–Kohn and Pikus–Bir Hamiltonian
HT(k)5HLK(k)1HPB, for the valence bands can be e
pressed by a 838 matrix:
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P852
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with basis functions ofuue,1,2& and uJ,mJ& as

uue,1&5uS↑&,

uue,2&5uS↓&,

U32 , 32L 52
1

&

u~X1 iY!↑&,

U32 , 12L 52
1

A6
u~X1 iY!↓&1A2

3
uZ↑&,

U32 ,2 1

2L 5
1

A6
u~X2 iY!↑&1A2

3
uZ↓&,
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