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The optical properties ofinP),/(GaP, bilayer superlattic€BSL) structures have been examined
with linearly polarized cathodoluminescencéCL), time-resolved CL spectroscopy, and
cathodoluminescence wavelength imaging. An In and Ga composition modulatieh8%6 forms

during the metalorganic chemical vapor deposition growth of short pefide),/(GaP, bilayer
superlattices. Transmission electron microscopy showed a period 800 A 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 basegpand 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. €97 American Institute of Physics.
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I. INTRODUCTION perlattices are grown on Gaf®l) and InR00Y),
. . respectivelyt>=2° The SILO approach will be the focus of

The use of strained-layer epitaxy has recently shownhis article, which follows our recent report describing the
great promise for the formation of nanostructutgeantum  gpservation of nonlinear optical properties of an
wires and dots The implementation of nanostructures in (InP),/(GaP), bilayer superlatticéBSL) structure'”*¢ A lat-
lasers leads to lowered lasing threshold currents, owing to @ral modulation of the In and Ga compositions, by as much
spikelike density of state¢DOS) that yields a much nar- a5 ~30%, has been observed in transmission electron mi-
laserst~’ The presence of strain in quantum heterostructuregEDS) studiest*1® The driving force for the long-range lat-
will also alter the in-plane hole masses, leading to a highegra| ordering is attributed to the surface strain during the
speed lasing modulation cqpabnﬁyFor quantum WIres jnjtia| stages of heteroepitaxial growth and attendant spin-
(QWRs, the momentum matrix elements depend sensitivelyyqa| decomposition during the initial stages of the BSL
on the electric field polarization, leading to an enhancemenérowth.ls,le
in the polarization dependent spontaneous emission and op-  optical measurements of SILO structures using photolu-
tical gam coefficients relative to quantum welQW)  minescence, electroluminescence, cathodoluminescence
lasers.*“The high quality of the heterolayers and interfaces(c|) and photoreflectance have shown evidence supporting
that can be achieved during alsmgle growth sFep circumvent$,a existence of QWRs due to quantum confinement along
the need for post-growth etching and patterning on a nanogso¢h the growth direction and the composition modulation
cale that can inevitably degrade the optical and structurglirectionl4-2°Nonlinear optical properties in such structures

quality of the nanostructure and its surroundingare expected to be enhanced due to the narrowing of the
barriers: o _ density of state¢DOS) in two-dimensionally confined sys-
Among thein situ growth approaches that have yielded yo g ‘One important nonlinear optical property is the change
success in the growth of nanostructures is the growth of, yhe emission of lightin energy, polarization, and inten-
GaAs/AlGaAs QWs on substrates with prepatterned mesagy) that results from phase-space filling of carrigr& In
and V grooves where the facet-dependent Al and Ga caliofis stydy, we examine the nonlinear optical properties and
growth and migration rates enaple lateral varlgtlong '”_thEE:arrier relaxation dynamics dinP),/(GaP, BSL samples
QW thickness and attendant confinement energl.es,7y$(_allcli|ng &sing time-resolved CL, linearly polarized cathodolumines-
two-dimensional(2D) or 3D confinement of carriefs’ cence(LPCL), and cathodoluminescence wavelength imag-
Other studies have shown that an alternating beam growth G (cLw1) techniques. We demonstrate the existence of an
GaAs/AlAs on misoriented substrates results in a 2D bandayitation- and temperature-dependent polarization anisot-
gap modulation via the formatlon_of a tilted superla‘gﬂcr’e. ropy in luminescence coming from the SILO quantum wires.
Recently, QWRs have been fabricated by a strain-induced heoretical simulation of the band-filling, luminescence
lateral orderingSILO) process which occurs spont_aneouslyenergy shifts and polarization anisotropy changes was per-
when (GaP)/(InP), and (GaAs)/(InAs), short-period su-  ormed for the QWRs using ke-p band-structure calculation,

which takes the coherency strain and 2D quantum confine-
dElectronic mail: danrich@almaak.usc.edu ment into account. Experimental results from LPCL and
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(InP),/(GaP), BSL with SILO Quantum Wires
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FIG. 1. (a) A schematic diagram of thénP),/(GaP, BSL and type-I to type-ll superlattice modulation ferv1 ande—v?2 transitions.(b) Cross-section
transmission electron micrography showing the composition modulation alorjd t6gdirection.

excitation-dependent CL are compared with the theoreticadlifferent substrates using LPCL and CLWI. The effects of

calculations. Evidence for strong nonlinear optical effects igdefects and inhomogeneities in the BSL structure on the
a cornerstone in establishing true QWR behavior and furthelband filling, carrier relaxation kinetics, and nonlinear optical

underscores the good potential for applications in low threshproperties were examined.

old lasers and exaotic light modulators.

In addition, the epitaxial growth of g P is found
to be very sensitive to the initial surface quality of the
GaAg00]) substrate, its level of misorientation, the growth The BSL structures in this study were grown by metal-
temperature, and growth rate? The resulting quality and organic chemical vapor depositigMOCVD) at Spire Cor-
homogeneity ofInP),/(GaP, QWRs are also thus expected poration. A schematic diagram of the structure is shown in
to strongly depend on these growth conditions. We have exFig. 1(a). First, a 3000 A 1g,{Ga 5P buffer layer was
amined the quality and reproducibility of QWRs grown on grown on a GaA&01) substrate misoriented 3° toward

II. EXPERIMENT
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(111DA. The GaAs substrate was maintainedTat 650 °C  Section is to describe the framework of the calculations that
during growth. Each (InB)and (GaP) bilayer was grown are used to model data showing the excitation dependence of
in a time interval of~10's, after which the system was the intensity, energy, and lineshape of polarized CL spectra
purged to prepare for the Succeeding |ayer_ A total of 20~vhich will be shown and discussed in Sec. V. Ignoring the
periods of(InP),/(GaP, were grown giving a thickness of coupling between the conduction and valence bands, one can
~200A. Finally, a 3000 A Ip,4{Ga, ;P capping layer was obtain the complete wave functions of electron and holes in
grown. All three sampledlabeled as 2979, 2980 and 2983 @ QWR whose in-plane 2D confinement of carriers is defined
were grown with nominally the same growth conditions. Asby x—y Cartesian coordinates from the following 3D Schro
evidenced by the data to be presented below, slight variadinger equation:
tions in the growth condition, such as the growth rates and

sample temperature, as well as the quality of the startin d 9
GaAs substrate, resulted in differences in the optical qualit$-7fT( i @,kz
among the three samples. Cross-sectional TEM of sample

2979 is shown in Fig. (b), and reveals that the composition =Eﬁ’h¢e,h(x,y,z), (N
modulation occurred along tHa10] direction with a period

of ~800 A. Previous reports on similar structures ShOWEGlNhere.,%T(k)=.,%|_K(k)+;7,//p5 is the combined Luttinger—
that the In composition varies fronmr0.41 in the Ga-rich  Kohn and Pikus—Bir Hamiltoniasee Appendix modified
region to~0.59 in the In-rich regioA? Such a lateral super- sq as to accommodate quantum confinement along tred
lattice embedded in an dndGa.5,P barrier forms a multiple y directions; ¢, n(x,y,2) is the electron or hole wave func-
QWR array, as illustrated in Fig.(d). tion; ES" is the eigen-state energy. The modification of
The LPCL and CLWI experiments were performed with /¢, in the effective mass approximatidEMA), simply
a modified JEOL-840A scanning electron microscope usingntails replacingk, and k, with —id/9x and —id/dy, re-
a 10 keV electron beam with a probe curreh, ranging  spectively, resulting in a set of six coupled second-order lin-
from 50 pA to 30 nA. This CL system with polarization egr partial differential equations. Owing to the computational
detection capability has been previously descrie@he  complexity of getting exact solutions of E€L) for an arbi-
sample temperature was varied between 87 and 300 K, usinggary strain tensor and boundary conditions for the potential
a liquid nitrogen cryogenic specimen stage. Light with theang wave functions, it is desirable to simplify the treatment.
electric field,E, parallel to the[110] or [110] direction was  Since the strain profile in QWR structures is complicated and
detected. The luminescence signal was dispersed by @any uncertainties in the nanometer-scale structure remains,
1/4 m monochromator and detected by a cooled GaAs:Cg simplified, single-band EMA treatment is desirable here.

photo-multiplier tube(PMT) with a spectral resolution of Therefore, we make the following assumptions:
~1 nm. In CLWI the wavelengthy ,,, at which the intensity

of luminescence is a maximum is mapped as a function of))  free-electron-like and free-hole-like solutions are as-

+V(X,y,2) we,h(x!yiz)

the spatial k,y) position, and a gray-scale image represent- sumed for motion alon%] the 2QWRh directide.,

ing these wavelengths is generatéd® A scanning area of  Ven(2) =exp(k2) and E"=%2k;/2m5"], o

128 umx94 um in this study is discretized into 640480 (i) the cou_plmg between orthogonal eigenstates is ig-

pixels. In order to determink,(x,y), a spectrum consisting nored, i.e., e n(X,y)= then(X) den(y), as can be

of 45 wavelength pointgobtained from 45 discrete mono- verified for a relatively large dimension quantum wire

chromatic CL images varying from 650 to 740 nm, was __ greater than~100 Ax 100 A ** and

obtained at each pixel position. (i) a re_ctangul.ar approximation is usgd for they po-
Time-resolved CL experiments were performed with the tential profile Vc ,(x,y) and effective mass, which

method of delayed coincidence in an inverted single photon can be determined by the-p calculation discussion

counting mode, with a time resolution ef 100 ps?® Elec- above.

tron beam pulses of 50 ns width Wia 1 MHz repetition rate  Equation(1) can then be separated into two ordinary differ-

dispersed by a 1/4 m monochromator and detected by geh can pe solved separately for the two confinement di-
copled GaAs:Cs PMT. Tlme?delayed CL spectra were acCregctions afﬁ,h:E§:r+ E;?, using a transfer matrix method
quired with a spectral resolution of 1 nm. (TMM). The TMM was demonstrated to be very efficient in
solving the Schrdinger equation with an arbitrary one-
dimensional potentig®-*°

Using these eigenstates, quasi-Fermi energies for elec-

In order to model nonlinear optical effects that are re-trons and holes can be determined for a given excess carrier
sponsible for polarization and energy variations caused bgoncentrationn,, to simulate the effects of band filling. The
changing the excitation conditions, the electron and holeslectron and hole carrier densities", in these quantized
eigenstates of the QWRs can be calculated by using a singktates can be determined by integrating the product of the 1D
band effective mass approximation with band parameterdensity of states and the Fermi—Dirac functioh(E
found using thek-p perturbation method employing a full — ¢, ), for electrons and holes. The quasi-Fermi levels,
Luttinger—Kohn(LK) and Pikus—Bir(PB) Hamiltonian, de- ¢, , are determined by solutions of the following equa-

noted as7 «(k) and . 7pg, respectively’’ The aim in this tions:

Ill. THEORY
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whereL, and L, are the dimensions of the quantum wire,
and mg'h is the effective mass alorid 10] (z direction. The

luminescence lineshapé(% w), can further be calculated
from

B
f’“” " " dE H(ho—E4—E?
Ee

l(fhw)=2, 17
)]
—ENgy(ho)f(E— o) f(hwo—Eq—E—dy),

Jm,

w)= ,
V2t \ho—Eg—Ef—E]

gy(fh ©)

whereH(E), the Heaviside function, is 0 f&E<0 and is 1
for E=Q0, I}; is the overlap integral for electron and hole
envelope wave functions, i.ely; = [d?rg; o(X,Y) ¥; n(X.Y),
and g;(% w) is the joint density of states fdt,-conserving

interband transitions in quantum wires, which contains thd

reduced mass term, , where 1, = 1/m$+ 1/m2. Using the

E || [170]
-—— E IL [170]

T=87K
Il (NA)

CL Intensity (arb. units)

660 680
Wavelength (nm)
FIG. 2. Stack plots of normalized spatially-integrated non-polarizetid

line) and polarizeddashed linesCL spectra taken for different probe cur-
ents atT=87 K.

calculated values for the quasi-Fermi levels, we have calcuy, ResULTS AND DISCUSSION OF AN OPTICALLY

lated | (A w) as a function of carrier density. In addition, to

HOMOGENOUS QWR SAMPLE

include the effects of instrumental and inhomogeneous

broadening, we have convolvdd# ) with a Gaussian of
width equal to the width of the narrowest optical transition,
which was measured for the lowest probe current, i.e.,

(ho—tfw')?

L(ﬁw)=f:d(ﬁw')|(hw')exp<— 7 ) (4)

A. Linearly polarized CL spectroscopy

Polarized and nonpolarized CL spectra were taken as a
function of probe current in sample 2979, as shown in Fig. 2
for a temperature of 87 K. In the wavelength range between
620 and 720 nm, two peaks, respectively, originating from
the QWR and lp4dGa, 5P bulk(i.e., the buffer and capping
layerg are observed. CL imaging of this sample in Fig. 3,

Furthermore, the polarization dependence of the lumineswith wavelengths corresponding to emissions fréan the
cence from the QWRs can be calculated as a function oQWR and(b) Ing 4§Ga, 5:P barriers, shows a high degree of

excitation density and temperature. Sigé% w) is singular

homogeneity. The peak energy of theylgsa 5P bulk

for the lowest energy optical transitions, the largest polarizaemission remains almost constant 1.950 eV) for the dif-

tion anisotropy is dominated by states with=0, which

ferent probe currents in Fig. 2. Emission from the QWR has

occur for the lowest excitation conditions. From the overlapa lower energy compared to that from the l¢Gay 5:P lay-
integrals, I;;, and the calculated conduction and valenceers, as the lateral composition modulation algh0] results
Bloch functions, we can calculate the polarization dependerih ~400 Ax 200 A quantum wires composed of an In-rich
transition matrix elements. The integrated intensity of polar{GaP,/(InP), BSL region. The QWR peak energy shifts

ized luminescence is determined by the carrier occupatio

from 1.834 to 1.869 eV ak, increases from 50 pA to 30 nA,

densities and the electron-hole wavefunction overlap accordas observed in Fig. 2 and plottédith dotg vs |, in Fig. 4.

ing to

=20 1 clEL-plug I, (5)
whereE,  is the electric field of emitted light which is de-
tected either along thgl10] (1) or [110] (ll) direction,p is
the linear momentum operator, ang. andu; , are the set

This nonlinear optical behavior shows that the confined
states in the QWR can be filled by a fairly low electron beam
excitation. A narrower density of states is expected as the
dimensionality of the quantum confinement increases from
1D to 2D. We hypothesize that the SILO formation of quan-
tum wires in the BSL leads to the enhanced phase-space
filling and nonlinear optical effects.

To further test this hypothesis, we have examined the

of band-edge conduction and valence band Bloch functiongolarization dependence of the luminescence in detail. The

the latter of which is a linear combination of the $km;)
states in the(110 representation as determined from the
Luttinger—Kohn and Pikus—Bir Hamiltoniaisee Appendix

6840 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997

luminescence from YudGa, 5P bulk is polarized along the
[110] direction and the magnitude of such polarization does
not change for different probe currents and temperatures.
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FIG. 5. Experimental and theoretical polarization ratig), , as a func-
tion of the excitation density for sample 2979. Parallel and perpendicular
subscripts are defined with respect to {ié0] quantum wire direction.

optical anisotropy I,/I, , which is defined as the ratio of
integrated CL intensities with electric field parallel and
perpendicular to thg110] quantum wire directions, reduces
from ~1.5 to 1.1 at a temperature of 87 K. Under a fixed
Iy, the polarization ratio decreases as the temperature in-
creases, as shown in Fig. 5. These changes of polarization
with probe current and temperature are consistent with the
band-filling model.

FIG. 3. Monochromatic CL images @) the QWR and(b) In,.GasP  B. Application of theory to experimental results

barrier luminescence of sample 2979, showing uniformity in its optical .
properties. The QWRs are assumed to be coherently strained so that

their in-plane lattice constang,, is equal to that of GaAs.

Assuming a biaxial strain on th@ 10 interfacial plane be-
This is consistent with a CuPt-like ordering which is found tween In-rich and Ga-rich regions, we obtain the strain tensor
to occur along thé111] or [111] direction of an epitaxially N the (100 representation for eachdpgGa 5:P (x=0.41 or
grown Iny 485 5P layer??231-330n the other hand, the 0.59 region of the BSL as follows:
polarization of emission from the QWRs has an orthogonal 2C.4—Cy,
orientation and greatly depends on the probe current and €1;,= €2~ . 1 C.ot2CL
temperature, as shown in Figs. 2 and 5. With an increase in 17 =127 el
probe current from 50 pA to 30 nA, the polarization rao C11+2Cy»

1277 Cpy+ Cppt 2Cys

€,

€, €x3—€3=0, €x=¢€,

(6)
n, (x10"7 cm?) whereC,;, andC,, andC,, are elastic stiffness constants of
0.1 1 10 100 INg 4G& 5:P, €,=(a,—a;)/q; is the (001 in-plane strain,
LA I 119 and a; is the unstrained lattice constant for either the In- or
] Ga-rich regions of the BSL, using a pseudo-alloy approxima-
tion. The Luttinger parameters, deformation potentials, elas-
tic constants, and spin-orbit splitting were approximated us-
ing a linear interpolation between values which are known
for GaP and InB° The diagonalization of the Hamiltonian
J1(Ky Ky ,k;) results in theE vs k bulk-band dispersion for
electrons and holes and enables a determination of the set of
strain-split valence band Bloch functions, which contain ad-
mixtures of the|3/2,£3/2), |3/2,£1/2), and |1/2,=1/2)
states, owing to the magnitude and low symmetry of the
strain. The conduction to valence band offset ratio

(AE./AE)) is taken as 75/25, and is assumed independent

FIG. 4. Experimental and calculated energies of the peak CL intensity po- s 24 . } }
sition, Ep (closed circlg, full width at half maximum(FWHM) of lumines- of the alloy CompOSItIOH' This results in type | and type I

cence lineshapéopen circle, and calculated quasi-Fermi level difference SUperlattices fo_r th_e two L_lppermOSt valence _bamdsve_md
(dash linep vs the excitation densityn() and probe currentlf). v2, as shown in Fig. (&), in the In- and Ga-rich regions,
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tal results. The relationship between carrier concentration

1.2 f n,=0.01-50x 10" cm? ny and probe curreni, is given by
(v)  (iv) (iii) (ii) ()

N~ IbEbTQWR
q 3eEg7TI’§TBS|_’

whereEy, is thee-beam energyk is the Iny 4dGay 5P band
gap, r. is the effective lateral radius of the electron-hole
plasma generated by tleebeam, rqwr is the electron-hole
radiative recombination lifetime in the QWR, anihg
(=200 A) is the BSL thickness. Using,~1.950 eV, r,
~1um, and Towr~1ns (see Sec. IVE* we get
ng(cm3)=1.7x10"1,(nA). In Eq. (7), we assume that all
the generated excess carriers are collected into the BSL
layer. The value ofrowg Used is only approximate; this life-
time is expected to depend on the h excitation density as
the occupation of higher energy electron and hole states will
620 640 660 680 affect the number of interband matrix elements used in a
Wavelength (nm) lifetime calculatior?® Further, thermal re-emission of carri-

FIG. 6. Calculated luminescence lineshapes(fp0.01, (ii) 2, (iii) 10, (iv) ers ShOUIq increase under mcr-eased eXCItatl-On and, _partlcu-
20, and(v) 50x 107 cm™~2 showing blue shift and broa,denin’g of the,FWHM larly, at higher temperature;, smcg the effective ba(déf
peak with increasing excess carrier concentration. ference between the quasi-Fermi and unbound continuum
levels decreases with increasing excitation.

A calculated polarization rati¢, /I, as a function of
probe current and temperature, based on the diagonalization

respectively, which have characters that are 96% heavy-hoRf -71(k) and the phase-space filling effects discussed in
(hh; m;==3/2) and 94% light-hole(lh; m;==1/2) in the Sec. lll, is shown in Fig. 5, and is compared with the experi-
(110 representation. Other salient features of the calculatiofnental results. For our strained QWRs, the diagonalization
are thatAE,=120 meV, AE,=40 meV for thevl bands, ©0f 77(k)=7«(k)+ Zpg at k,=0 will yield a ground-
andvl andv2 are split by 42 and 48 meV in the In- and Stateel—v1 transition whose final hole states are of mixed
Ga-rich regions, respectively. Sineev1 ande—v2 transi- hh and Ih character@s discussed abovand a polarization
tions are spatially direct and indirect transitions, respectivelyratio I; /1, which is either greater than or less than unity as
the relative contribution ok—v1 ande—v2 optical transi- determined by the interplay of quantum confinement and
tions should involve an interplay between the electron-holéstrain in.7 (k) and.7pg, respectively. The general fea-
wave function overlap and carrier occupation density. Thdures of the experiment and theory in Fig. 5 are quite consis-
e—hh ande-1h transitionsy in strained and guantum Conﬁnedtent, regarding the excitation-induced reduction in pOlariza'
systems, will generally exhibit an orthogonal polarization de-tion anisotropy, and thus confirm that our phase-space filling
pendence. By altering the relative contributions of theand SILO quantum wire model reasonably explains the non-
e—v1l ande—v?2 transitions in the |uminescence, which Canlinear Optical behavior observed in the LPCL data. Devia-
be accomplished by changing the excitation densify.,  tions between experiment and theory can largely be traced to
probe current hebe a variation in the polarization ratio is the optical collection system used in the experiment, as the
thus expected. ellipsoidal mirrors, which collects off-normal emission,
A quantitative analysis was performed as discussed ifauses a polarization mixing that results in a maximum
Sec. IIl under the coherency strain condition. In this calcud /I, of ~47°
lation all bound states were included and resulted in 21 elec-
tron, 45v1 and 20v2 states. The luminescence lineshapes . o
were calculated from Eq$3) and(4) found to be a function C- Time-resolved CL, carrier thermalization in the
of carrier concentrations, as shown in Fig. 6. The position of2'WRS: and excitation-dependent changes in the QWR
maximum peak intensity of(Zw), E,, and the difference uminescence
between the quasi-Fermi energies of electrons and holes, In order to examine the relaxation and collection of car-
¢e— ¢n, are plotted versus, in Fig. 4, and show a reason- riers into the QWRs, we have measured time-delayed CL
able agreement with the experimental QWR peak positiorspectra al =87 K for the various time-windows indicated in
and width. As the quasi-Fermi level difference increases withFig. 7. The time windows O1-06 and D1-D7 denote time
increasing probe current, optical transitions with higher enwindows relative to the beginning afnsetand decay re-
ergies contribute to the luminescence spectrum, resulting ispectively, of the luminescence, as referred to the beginning
the observed blue-shift in the QWR peak. In addition, moreand end of the electron beam pulses. The ratio of the inte-
higher energy states are involved in the luminescence caugrated CL intensities of the QWR (650.<690 nm) and
ing the broadening with increasing excitation density. Thelng 4dGa 5:P (625<\ <645 nm) emissiond,gwr/l ingap, iN-
full width at half maximum(FWHM) of luminescence line- creases from-26 to ~47 during the onset of luminescence
shape is plotted in Fig. 4 in comparison with the experimenin the O1-06 time windows. The rapid rise of the QWR

)

<
»

o
[\

Luminescence Intensity (arb. units)
o
»

o
o
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about the same maximum peak height. The spectrum lalelpdlsewas F R T "'.i
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the rapid transfer of the carriers into the QWRs, which oc-
cupy only~2% of the material within the-beam excitation FIG. 8. CL transients of the QWR andylpGay 5,P barrier luminescence for
volume. As the time window moves from O1 to O6, the various temperatures from 87 to 230 K. The resulting initial decay times,
QWR peak becomes blue-shifted by3 nm, indicating that TQWR andr,g,p, are shown vs temperature in the inset.
carrier filling of the QWR bands and splitting of the quasi-
Fermi levels occurs during carrier capture into the QWR. On
the other hand, the §ndGa, 5,P emission shifts to the red by rier luminescence and labelegyygr and 7j,g4p, respectively.
~5nm in the O1-06 time windows, reflecting the thermal-From the inset of Fig. 8rqyr decreases from 2.0 to 1.2 ns,
ization and carrier diffusion into lower-energy states of theas the temperature increases from 87 to 230 K. The barrier
Ing 4dGay 5P barriers. The spectrum labeléd pulse was luminescence, on the other hand, has a relatively constant
taken in the center of the 50-ns-widebeam pulse, and rep- lifetime of 7,c,/=1.2 ns over this temperature range. This
resents the CL spectrum after carrier generation and recontifetime behavior reveals salient aspects of the thermalization
bination has reached steady-state, as in the constanf carriersinthe QWR and barriers before recombination. At
excitation CL spectra of Fig. 2. high temperatures, as in MQW systeffis/ carriers can be
During the decay stage of the luminescence, a narrowinghermally re-emitted from the QWR prior to their recombi-
and red-shifting of both the QWR andglpGay 5,P barrier  nation. The rate of thermal re-emission of electrons and
emissions are observed in the D1-D3 time windows in Fig. holes depends on the quasi-Fermi levels and band-offsets,
As expected, the—h plasma continuously feeds the lower which together yield the effective barrier heights. At lower
energy states in both the QWR and barriers as systems prtemperatures, fewer carriers are thermally re-emitted, and
ceeds towards equilibrium. The barrier emission decaysarriers collected from the barrier recombine mainly in the
more rapidly in windows D1-D4, owing to the high quan- QWR through radiative recombination. At higher tempera-
tum capture rate into the QWR, as also observed in the onsédres, additional channels exist for recombination via thermal
windows. The CL intensity versus time transients are showme-emission from the QWR into the barriers, thereby reduc-
in Fig. 8 for various different sample temperatures. An initialing the measured decay time.
luminescence decay timeis measured from the slopes of We also measured the ratio of CL intensity emitted from
the semi-logarithmic plots for both the QWR and InGaP bar-different layers as a function of probe current. The ratios
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FIG. 9. CL intensity ratioslgwr/l ingap@Ndl gans/l ncar, VS €-beam current

for sample 2979. . . . .
FIG. 10. Peak energies of CL emission intensitf,, from the

Ing 4dGay 5:P barriers and QWR luminescence in sample 2979 as a function

. . of e-beam energy.
I owr/lingap @Nd I gaps/l inGap, @S shown in Fig. 9, have a

maximum at the intermediate probe current-efl nA. At

low excitation, most of the excess carriers diffuse into therig. 10, the peak energy of JnfGa s,P luminescence de-
QWR from the InGaP barriers before they recombine as igreases from 1.957 to 1.948 eV whEp is increased from 3
evident from the large ratios in Fig. 9. As the probe currento 15 keV. The lower and higher beam energies give rise to
increases from 50 pA te-1nA, an increased fraction of |uminescence weighted largely from the capping and buffer
carriers diffuse into the QWR and GaAs substrate, causingayers, respectively. The §ndGa, 5P buffer layer was grown

an increase in the intensity ratios. It is plausible that thepn a high-quality GaA®01) surface while the capping layer
initial rise in theIQWR/I incap@ndl gaad | ingapratios is due to  was grown on the BSL layers, exhibiting theS800 A peri-

an enhanced mobility of carriers that arises from anodic QWR ordering. Thus, the starting surface morphology
excitation-induced screening of local depletion regions assdor the Iny 4dGa ;P capping and buffer layers are different
ciated with impurities and point defects in the, lgGas;P  and should give rise to significant differences in the degree
barriers?® thereby giving rise to a concomitant increase inof CuPt-like ordering. Previous studies have shown that sub-
carrier collection efficiency in the QWR and carrier transferstrate surface misorientation and homogeneity can markedly
to the GaAs substrate. An enhanced diffusivity of excessiffect the CuPt-like ordering and resulting band
carriers as the excitation density is increased as has prevrap?1?231-33The ordering reduces the band gap by as much
ously been observed in JBa_,As/GaAs MQWs® How-  as~100 meVZ possibly as a result of ah-point folding
ever, beyond a certain excitation density, the ratios reduce aRat repels the band edge at tﬁqgoint_33 The 9 meV in-
phase-space filling of the QWR states inhibits carrier capturerease in the I§,dGa, ;P luminescence energy as the beam
into the QWR. Likewise, captured carriers may also be therenergy is reduced from 15 to 3 keV therefore suggests that
mally re-emitted from the QWR into the JndGay s:P barri-  there is a reduced ordering in the, lgGa, 5,P capping layer
ers at higher excitation densities given that the effective barrelative to the 1g,§Gay 5P buffer layer, consistent with an
rier height for thermal re-emission is reduced due to thesxpected rougher surface morphology for, J§Ga, 5P
splitting of the electron and hole quasi-Fermi levels, as disgrowth on the QWRs. The increase in the QWR peak energy
cussed above. The rates of electron and hole capture into tRg E, increases from 3 to 10 keV is a band filling effect that
QWR should vary with the quasi-Fermi level positions asresults from moving the center of tiee- h excitation volume
resonances for quantum capture depend on the availability @bwards the BSL layer and increasing the h density as
unoccupied final states in the QWRThe I gaas/lingapratio  E, increases.

roughly follows thelqwr/lincap DENAViOr, indicating that

carrier transfer into the GaAs substrate may be inhibited by, RESULTS AND DISCUSSION FOR QWR SAMPLES
excitation-induced changes in band-bending near th@xHIBITING DISORDER

Ing 4dG&y 51P/GaAs interface for higher probe currents.

As previously indicated, the CL image of Fig. 3 shows a
homogeneous luminescence distribution in the sample sur- Linearly polarized CL spectra were acquired for all three
face plane. In order to probe the homogeneity along thesamples(2979, 2980 and 2983as shown in Fig. 11. The
growth direction, thee-beam energy was varied to give a difference in Ig ,dGa, 5,P peak emission energies among the
depth profile of the QWR and §ndGay 5:P luminescence. three samples indicates that there may be slight differences
The data reveal a slight difference betweepoay 5P lu-  in Ing 4dGay5:P composition, growth temperature, growth
minescence in the capping and buffer layers. As shown imate, or substrate surface conditions prior to and during the

A. Linearly polarized CL imaging and spectroscopy
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[ _ ] A’ FIG. 12. Monochromatic CL images of sample 2980 with wavelengths of
--------- [1 10] 637 nm (I 46G& 5P barrier;, 675 and 700 nniQWR emissiol, and 830
nm (GaAs substrade respectively.

2083

Linear Polarized CL Intensity (arb. units)

Y analysis, have found evidence that defects in the
A T AT In,Gg _,P/GaAs(001) growth are caused by an initial ad-
sorption and agglomeration of In on the GaAs substrate.
600 650 700 750 800 These defects appear to affect locally the QWR formation in

Wavelength (nm) the BSL, as the spots in each CL image are spatially corre-

lated. The presence of dark spots in the CL imaging is con-

FIG. 11. Polarized CL spectra from all three QWR samples: 2979, 298051St€Nt With the nonradiative recombination that may occur at

and 2983 alf =87 K. the boundaries of the CuPt-like ordered domains, as the in-

terfaces between domains could give rise to a high nonradi-

ative recombination rat®. Anti-phase boundaries, which in-

initial phases of growth. As mentioned earlier, there are two/0lve r;leigl;hboring In Qnd Ga plane_s in the_xm_ %P
types of submicron-sized domains in thg@a, P grown grovvth,_ ) could also give rise to regions exhibiting high
epitaxially on GaAs substrate, with CuPt-like ordering direc-nonradiative rates. The wavelength of thg Jia s,P bar-
tions along 111] and[111]242231-33The density and/or size rier emission, however, was not found to vary between bright

of these domains determines the luminescence peak positidft) @nd dark(D) regions as shown in Fig. 13 for two typical
while the degree of ordering affects the rate ofGa, ,P local spectra. These defects appear to primarily introduce

peak shift with increasing excitation denstyThus, slight recombination centers without significantly affecting the

difference in growth conditions could result in variations in
ordering and, concomitantly, in the effective band gaps. Be-
sides the variation of peak energies, the surface morphology
is found to vary among the samples. Scanning electron mi- Sample 2980
croscopy revealed a rough surface on sample 2983, indicat- T = 87K

ing a high density of domains, consistent with the lowest
In,Ga _,P emission energy among the three samplés.
Monochromatic CL images of sample 2980 in Fig. 12 show
a spotty disorder pattern and exhibit a high-defect/spot den-
sity of ~10° cm™2. The samples exhibiting disorder in the
CL imaging (2980 and 298B also show broad multi-
component peaks in the spectral range corresponding to the
QWR emission (655A=<780nm) in Fig. 11. These fea-
tures are evidently related to the disorder observed in the CL
images. Monochromatic CL images were taken over the
same 128:mXx94 um region in sample 2980 with emission
wavelengths corresponding to the GaAs subst{@s® nm, W &
QWRs (675 and 700 nm and Iy 4§Gay 5P barrier layers L
(637 nm), as shown in Fig. 12. Again, a high defect density 600 650 700 750 800
of 10/~1C° cm 2 is observed. A spatial correlation of de- Wavelength (nm)

fects among these images indicates that they arise probably

from defects formed during the initiﬁ' Sta_lgeS O_f growth ongig 13, Local CL spectra taken from the brigB) and dark(D) regions in
the GaAs substrate. Hagemast al,”> using microprobe sample 2980.

CL Intensity (arb. units)
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FIG. 15. Plots of the fitting parameters of E®), a;/a,, E; andE, vs

te—beam current in both brightopen symbolsand dark(closed symbols

FIG. 14. Constant excitation CL spectra from localized dark and bright>™"
regions.

regions in sample 2980 for variowsbeam currents. The results of the
decomposition of the data into two compone(f®s and P,), using fits to
Eq. (8), is shown.

variations in the QWR spectral lineshape of the optically

CuPt-like ordering, as significant changes in the ordering ar(lanhomogeneous sampl¢8980 and 298Bupon varying the

expected to cause variations in theo JgSa P band éxcitation intensity. Such results are shown in Fig. 14 for
ap21'22'31‘33 0455% .51 sample 2980, showing the QWR luminescence lineshape for
gap. . L L : varying beam currents. The electron beam was sharply fo-
The primary polarization direction of the IumlnescenceCused to regions corresponding to typidalght and dark
in the disordered sampl¢2980 and 298gis the[110| di- regions in the CL image of sample 2980. The lower energy

rection, orthogonal to that observed in sample 2979, which . ! .
. . ) ... side of the lineshapes is observed to dominate for a reduced
exhibited a spatially homogeneous luminescence distribu:

tion. As discussed in Sec. IV B, quantum confinement amp_eam current of 0.1 to-1 nA, after which, the higher energy

. . . L - . side of the spectrum has the larger intensity. We have de-
strain are two competing factors in determining the direction P g Y

of predominant polarization. The reversal of the QWR Iumi_convo(ljuted the QhWR I|ne§ha[?]esb|n;c]o t.WO Gahu35|aq peaks,
nescence polarization anisotropy suggests: P.l andPpy, to furt er quantify the ehavior of the CL inten-

' sity. The spectral line shapg% w), is represented as
(i) a substantial relaxation of strain in the In- and Ga-rich

2
regions of the QWR in the BSL has occurred and/or l(ho)=a, exp( — M)

(i) the formation of the domains and microstructure has B1
affected the details of the cation diffusion that led to (hw—E,)?
the In- and Ga-rich regions and subsequent growth of +a, exy{ - f) (8
the QWR. B2

In the second possibility, the QWR array may be compose
of sub-micron regions possessing QWRs whose widths an
In composition vary markedly, leading to the broad multi-
component QWR peaks observed in Fig. 11. The existin
data and complexity of the microstructure in CL imaging,
however, does not allow for a quantitative assessment o
these two possibilities.

herea;, E;, andg; are the amplitude, energy position, and
éguassian width of peaR; (i=1,2). The results of the fitting
are shown in Fig. 14 as a solid line running through the data,

nd short- and long-dashed lines representing p€akand

-, respectively. For the 14 spectra shown in Fig. 14, the
fean values and standard deviations@&f, B8,, and E;
—E, are 36t5, 49+ 9, and 647 meV, respectively. The
fitting results fora,, E;, a,, and E, are further plotted
versuse-beam current in Fig. 15. As a result of band-filling,
the ratio ofa; /a, increases with the probe current and indi-
cates that the two luminescence features are within a close

As in the case of the excitation dependence of the hophysical proximity of<1 um (a carrier diffusion lengthof

mogeneous QWR sampl@979, we should expect marked each other. However, the rate of such an increase is faster in

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

6846 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997 Rich, Tang, and Lin

Downloaded-27-Feb-2007-t0-132.72.138.1.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



(¢
‘ Sample 2980 (a) 27
T'Z‘e T=87K Bright $ ¢
window p = 10 keV Region 189F | 5ong | €-beam Pulse -
(ns) | =10 nA
b~ n oo -
01 (0-0.2) e ]
< 1.86 - - P,
®
2 o'. .o
& 1.83 ‘l«. \ -
\
z - ] —-o
= 04 (0.7-1) W e b . i
> 3 ~
s | 05(1-2) o P
- L i _
\E 06 (2 - 5) o 1.77 "
z Bright "
_.CIC_.‘; In pulse 174 - Region ‘lk" |
£ - ...
- D1(0-1) ‘-
D2 (1-2) - (AN [ S T )()( I I ! ! 1_
-10 12 3 4 5 5055606570
Time (ns)
D5 (5-10) :—/\\"‘_\,__‘:—:::—-_ 10° )()(
D6 (10-15) " . (b) . Bright
AT T e e — Y Region
D7 (15-25) _ A" z P
o S Ty ey iy e ] g 10* ,/ 7]
1.6 1.7 1.8 1.9 g S ;.
Photon Energy (eV) ‘“: " P, &'-
= 108 | . i
FIG. 16. Time-delayed CL specttaample 298pDshown with various onset % *. \*x .u‘
(Oi) and decay (D time windows. All spectra are renormalized to have c #
about the same maximum peak height. The spectrum lalelpdisewas ; : \ .
acquired in the center of the 50 aheam pulse, after the system has nearly 8 102 J \ u_
reached steady-state conditions. The decomposition of the spectra into two A~ []
componentgP; and P,) using the model of Eq8) is shown in a fashion — : \
similar to that of Fig. 14. O " \.\
10" - e
1 | | | | )()( | 1 1 { |
-1 012 3 45 5055606570
the bright region than in the dark region. While pe&ksand Time (ns)

P, shift towards higher energy with approximately the same _

te as in sample 2979. the rate of the peak shiftHoris FIG. 17. (a) CL peak energy of peak®; andP, vs time and(b) CL peak
ra P ! . P 9 ) intensity of P, andP, vs time, relative to the 50 ns widebeam excitation
lower than that forP,. The mechanism for these variations pulse. The results are shown for a typical bright region.
in the band-filling may relate to the presence of additional
nonradiative recombination channels in the dark regions. The

presence of such channels should increase the total recombi-
nation rate, thereby reducing the steady-state excitation den- |, o der to better understand the details of the carrier

sity for a given beam current and rate of peak shift in theyg|axation and transfer between the regions giving rise to CL
dark regions relative to that in the bright regions. The modepheaksp, andP,, we have acquired time-delayed spectra of
discussed for sample 2979 in Secs. Il and IV must be augsample 2980, as shown in Fig. 16 for a typical bright region.
mented to include spatial variations in the density of nonraResults for the dark regions are qualitatively similar. As in
diative centers when applying it to sample 2980. Moreoversec. IV C, 01-06 and D1-D7 represent spectra acquired in
local strain relaxation in close proximity to these defects willtime windows corresponding to the onset and decay, respec-
reduce the magnitude of thel—v2 band splitting in the tively, of the 50 ns electron beam pulses. The spectra in Fig.
QWR, thereby also reducing the redistribution of holes andl6 are also fit according to the model of E8), and the
spatial separation of electrons and holes as the excitation jgeaks are labeled in the same fashion as in Fig. 14. During
changed. the onset of luminescence in Fig. 16, the carriers initially
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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SICL

1.821 E4(eV) 1.847 1.765 Ex(eV) 1.795

Sample 2980

Ib =1 nA
E, = 10 keV
T =87K

-0.48 log (aq/a2) 1.37

FIG. 18. CLWI consisting ofi@ spectrally integrated CLSICL) image and(b) spatial mapping of absolute CL peak enerd,), (c) peak energy of
P.(E;), (d) peak energy of,(E,), and(e) log(a;/a,). All images were taken over the same region and parameters were obtained by performing 640
X 480 fits, corresponding to the number of pixels in the image, to(&qg.

relax in to regions corresponding to the high-energy peakentered in the middle of the 50 Bsbeam pulse, yielding a
P, (long-dashed lings Figure 17a) shows a plot of the en- lineshape representative of a steady-state excitation hyith
ergy positions ofP; and P, versus the onset and decay =10 nA, as in Fig. 14. In the decay phase, the relative in-
times. A small red-shift of 16 meV together with a gradualtensity of P; and P, reversegsee Fig. 1b)] as carriers
rise of the low-energy peaR, (short-dashed lingss ob-  thermalize into the lower enerdy, states. Carrier feeding
served as the system proceeds from windows O1 to O6. Thiato the P, states is accomplished by thermal re-emission
spectrum labeleih pulseis again acquired with the window from the higher energy QWR states Bf, diffusive trans-
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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 for CLWI
images taken for beam currents of 0.1, 1, and 10 nA.

port over surrounding barriers, and carrier collections intonominally the same growth conditions, small variations in
the P, states. It is remarkable that the initial carrier relax-the growth conditions and substrate quality significantly in-
ation occurs into QWR regions exhibiting the high-energyfluence the microstructure and concomitant optical proper-
P, states for short onset times 6f100 ps. This shows the ties.
existence of barriers inhibiting initially diffusive transport ) , .
and collection into the low-enerdy, regions. The red-shift C. CL wavelength imaging of spectral and spatial
of both P, and P, states is evident in Fig. 1& during the correlations in the QWR microstructure
decay since the carrier densities and quasi-Fermi level split- To further examine the effect of defects on the optical
ting reduce as the system proceeds towards equilibrium. properties of the BSL structure, we employed a variation of
The time-delayed spectra corroborate with thethe CL imaging technique that allows for simultaneous ac-
excitation-dependent data of Fig. 14. Carrier transfer and exguisition of spatial and spectral information. Previous studies
change between regions corresponding to fheand P,  have shown that CL wavelength imaging or CLWI is very
emissions occur on a length scale less thah um. The  useful in studying the optical properties in the presence of
presence of these two emission strongly suggest the possibiflefects or straif® In this study, a series of monochromatic
ity of two different QWR widths and/or compositions that CL images with wavelength ranging from 650 to 740 nm
would give rise to different excitonic energies. The disorderwere taken of sample 2980. Figuregd8nd 18b) show the
inducing the microstructure during theglpGays;P growth  mapping of the spectrally integrated C8ICL) intensity and
should also affect the details of phase separation and spirnergy of maximum CL intensityHy) over a region of
odal decomposition during the initial phases of thel28umXx94 um under a probe current of 1 nA. The map-
(InP),/(GaP, BSL growth. The observation of a partially ping of energy into a gray-scale representation is shown by
disordered QWR array, giving rise to two or more distinctthe gray bar indicating the energy scale. The deconvolution
emissions is, to our knowledge, a new observation in theesults,E,, E,, and logé, /a,) from the model of Eq(8) are
SILO work. An even more complicated situation is observedalso mapped over the same region as shown in Figg)18
for the case of sample 2983, whose CL spectfiig. 11 18(e). The ratio ofa; /a, represents the relative intensity of
reveals a broad BSL peak composed of many QWR-like?, andP,. CLWI has also been performed for various other
components. Since all three samples were grown undesrobe current$0.1-10 nA, yielding similar results.
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In order to illustrate the correlation existing amongst theplays an important role in determining the measured life-
images in Fig. 18, line scans of the imaging data are showtimes. A decrease in lifetime at higher temperatures may be
in Fig. 19 for probe currents of 0.1, 1 and 10 nA, correspondcaused by thermal re-emission from the QWR to the barrier.
ing to low-, medium-, and high-excitation conditions, respec-  The optical properties and crystal quality of the
tively. The spectrally integrated CISICL) intensity, the en-  |n, ,{Ga,s,P barriers and(InP),/(GaP, BSL strongly de-
ergy corresponding to the peak position of maximumpended on the growth and sample surface conditions.
intensity for the total QWR CL spectrunkf), the ratio of  samples exhibiting nonuniform bright and dark regions in
a,/ay, and the peak energies Bf, andP, (E; andE;) are  the CL imaging show large spatial variations in the phase-

plotted as a function of the distance taken along an arbitrargpace filling and nonlinear optical properties. These defects
line. Vertical dashed and dotted lines are shown as a guidg.s associated with

for the eye in assessing the correlations. For all excitation

conditions, the dips in SICl(i.e., dark regions in the CL (i)  the starting GaAs substrate or

image$ correspond to dips in the CL peak energy and(ii) the initial stages of Ig,dGa 5P growth on GaAs in

a, /a, ratio. This is consistent with the idea that dark regions which In-rich regions at the GaAs surface form.
contain a higher defect density which leads to a higher non-
radiative recgombination rate. I)r: dark regions, this fSrther re-The subsequent growth of @nP),/(Gah, BSL over the

duces the band-filling, leading to a local red-shift and en.Noad>a.sP buffer layer resulted in SILO QWRs. CL imag-

hancement of thé, emission relative td®;. The red-shift ing showed that dark-defec.t regions arising i.n the GaAs,

in dark regions could also be caused by a local reduction iRWR, a_nd |@-49Ga°-~’3lp emissions correlate qutla_lly. A nar-

the compressive strain in the BSL caused by underlying cel®W luminescence lineshape for the QWR emission was ob-

lular and CuPtlike domain related defects in theS€rved for a sample exhibiting a high degree of homogeneity

Ing 4Gy s,P barriers. For all three current conditions, thel the CLimaging. . _ o

reduceda, /a, ratio near defects demonstrates a marked re- WO samples exhibiting disorder in the CL imaging

duction in the nonlinear optical properties near the defechow a broadening of the QWR luminescence lineshape into

dark regions_ Likewise, the energy positions of fh? and two or more Components. A detailed Study of the excitation

P, peaks, denoted bf,; andE,, show interesting correla- dependence and spatial correlations of these components has

tions within the line scan. As the beam current is increasedyeen performed for a BSL sample which exhibits two QWR-

the energy differenc&, — E, shows an enhanced sensitivity like components in its CL spectrum. Time-resolved CL and

near regions away from defedise., bright regions That is,  excitation-dependent CL experiments show that diffusive

E,—E, increases more rapidly away from the defects, agairransport and thermalization of carriers occur between two

indicating that band-filling in higher-quality QWR regions distinct QWR regions giving rise to the two components

(bright region$ enables a more-rapid blue-shifting of the comprising the QWR spectral lineshape. CL wavelength im-

higher energyP; peaks. This is also consistent with the no- aging shows that defects existing in the barrier reduce the

tion that an enhanced mobility and diffusive transport of car-sensitivity of the QWR to band-filling, owing to the enhance-

riers occurs in regions possessing fewer defects, thereby fanent of the nonradiative recombination rate and local reduc-

cilitating the collection of carriers in QWR regions tion of the steady-state carrier density. In conclusion, these

exhibiting theP; emission. results demonstrate the need to minimize the defect density
and maximize the homogeneity in SILO QWR samples in

VI. CONCLUSION order to optimize the nonlinear optical effects associated

In conclusion, we have performed a detailed study of thewith phase-space filling.

band-filing and polarization anisotropy dinP),/(GaP,

QWRs using time-resolved CL and linearly polarized CL.

The BSL, owing to the SILO process, spontaneously orders

into QWR arrays. We have calculated the excitation-

dependent polarization anisotropy and CL energy shifts witACKNOWLEDGMENTS

a k-p model that incorporates both strain and quantum con-

finement. The calculations confirm a strong interplay be-  This work was supported by the U.S. Army Research

tween band-filling ance—h wave function overlap, which Office and the National Science Foundati®IA-ECS). The

leads to very interesting and possibly useful nonlinear opticahuthors wish to thank P. Colter and S. M. Vernon of Spire

and polarization properties. The linearly polarized CL andCorporation for use of their samples.

excitation-dependent CL data are consistent with the calcu-

lations. Time-resolved CL measurements show a rapid cap-

ture of carriers from the YudGa, 5P barrier on a scale of

less than~100 ps. Time-delayed spectra have been exam-

ined to connect changes in CL linewidth and position withAPPENDIX A

band-filling in the QWR during thensetand decayof the

electron beam pulses. Experiments performed at various The Luttinger—Kohn and Pikus—Bir Hamiltonian,

temperatures show that thermal activation of carriers in theZZ7(k) =.7 (k) + Zpg, for the valence bands can be ex-

QWR and transfer to and from the olpGay 5P barriers pressed by a 8 8 matrix:
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