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GaAs/In, oAl gAAs tensile-strained quantum wells were grown [@01] GaAs substrates using
molecular-beam epitaxy. The incorporation of tensile strain is made possible by preparing a
1-um-thick Iny oAl 94AS relaxed buffer which is followed by the growth of quantum wells. The
strain of the GaAs was measured using Raman spectroscopy and photoluminescence. The
photoluminescence measurements from wells ranging in thickness from 25 to 100 A reveal that the
observed optical transition originates from the electron—light hole recombination for a 100 A well
and from the electron—heavy hole recombination if the well thickness is less than 40 A. Therefore,
a thick Al-rich In Al _,As relaxed buffer on the GaAs substrate can be used to engineer the relative
energy position of the light and heavy holes for GaAs-based quantum wells998 American
Institute of Physicg.S0021-89786)01906-X

INTRODUCTION well is thin enough that the difference in confinement ener-
gies of the hh and the Ih exceeds their strain-induced split-
Strained-layer heterostructures offer advantages oveing. Due to the nature of the hh and the I|h, the photon
lattice-matched heterostructures in the choice of materialpolarization of the in-plane optical transition, for which the
and performance of optoelectronic devices. Detailed studieghoton propagates along the quantum-well plane, is different
of semiconductor quantum-well lasers made offor the e—hh ande—lh transitions. Only the TE polarization
In,Ga, _ ,As/AlGaAs' and InGa, _,As/InGaAsP have dem- (the electric field perpendicular to tfi801] direction is al-
onstrated that the incorporation of compressive strain intdowed for thee—hh transition, while both TE and TM modes
the quantum wells can provide benefits of lower thresholcare allowed for thee—Ih transition® In essence, the polariza-
current density and higher gain. This is because the compregion of the in-plane interband optical transition of an un-
sive strain reduces the in-planey( effective mass of the top strained or compressive-strained quantum well is
valence band3/2,+3/2) (heavy holg and consequently the anisotropic:>~*? Polarization-insensitive devices utilizing
lower density of states in the hole band results in a smalletensile-strained quantum wells have been reported, including
current density being needed to achieve the population invegn electroabsorption modulatdh'“a dual-polarization laser
sion conditior? For tensile-strained quantum wells, the straindiode’® and a semiconductor photodetectaviost of the
raises the energy df3/2,+1/2) (light hole) valence band. Wwork in tensile-strained quantum wells is based on InGaAs/
Theoretical calculatiod€ indicate that the in-planex) ef-  INGaAsP and InGaAIP/InGaP'" quantum wells. The
fective mass of the tensile-strained light-hdlb) valence tensile-strained GaAs quantum well has been less
band is |arger than that of the Compressive_strained heaﬁudied:!'&lg For the realization of a tensile-strained GaAs
hole valence band. However, it has been demonsftated quantum well grown on a GaAs substrate, it is necessary to
that incorporation of tensile strain can also reduce the threstRrepare a thick, relaxed, and high band-gap ternary alloy,
old current density of the quantum-well laser if a larger strainSuch as Al-rich IpAl; _,As, with a larger lattice constant to
or thicker well is employed. strain_the GaAs quantum well. In this work, we report _pho-
The top valence band of a compressive-strained quantuﬁqlumlnescence (PL) measurements of tensile-strained
well is always the heavy holéhh) no matter what the well GaAS/ I oAlggAS quantum wells. The data are analyzed
thickness is. This is because the compressive strain raises tH&ng the four-band-p theory to reveal the origins of PL
energy of the hh, which has a larger effective mass than thegeaks._ The strain of the GaAs is also determined from the
of the Ih in the[001] direction, and the confinement effect @nalysis and compared with the Raman measurement.
splits the energy separation between the hh and lh further in
a thinner well. For the tensile-strained quantum well, the tog=XPERIMENT
valence band is the Ih in a wider well due to the strain effect.

The samples studied in this work were grown[001]-
However, the hh can be at the top of the valence band

if th8riented GaAs substrates using molecular-beam epitaxy. The
growth rate was one monolayer/s for GaAs quantum wells
dElectronic mail: yeh@physics.unc.edu and 0.7 monolayer/s for §AlyqsAS. The substrate tem-
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TABLE I. Tensile-strained GaAs/jjpAl 9/AS quantum wells on GaAs sub-

120000
strates. 60 A
Sample Structure 804
100 A/70 A/40 A GaAs wells separated by 200 A 3
1 INg. oAl oAS barriers-500 A Iny oAl oAs+100 A GaAs g
cap @
g
2 100 A/60 A GaAs wells separated by a 200 Ayl g gAS = .
barrier+500 A Ing oAl ogAS+100 A GaAs cap = 1004
3 80 A GaAs welt-500 A Iny Al 9AS+100 A GaAs cap 10
4 25 Ai25 A GaAs wells separated by a 50 A [pAl, oAS 0 k ) ,
barrier500 A | lo.9fAS+100 A GaAs ca ) ' T
MhoAloss P 145 150 155 1.60 1.65 170 1.75
Energy (V)

perature was 600 and 540 °C for the growth of GaAs andkG. 2. PL spectrum of 60, 80, and 100 A GaAg/jiloeAS quantum
Ing.oAl oS, respectively. A 1000 A GaAs buffer was first wells at 25 K.

grown on the substrate and it was followed by aufin

Ing oAl o4AS layer. GaAs/lg Al osAS quantum wells were

then grown on the thick fhAlg oS layer and capped with 4 787 ey |t is known from PL measurements of a thin GaAs/
100 A of GaAs. Other sample information is listed in Table I. AlAs quantum weft®2!that a type-Il transition, which arises

Thf PL measuremgnts were eXC'teF’ by the 488 nm line of agm, the recombination of the electron from AlAs and the hh
Ar™ laser. The luminescence was @spersed throughla double) GaAs, can be observed in addition to the type-I transi-
monochromaftor and det.ected with a photomultiplier ar‘(ﬁion, which arises from the recombination of the electron and
photon-counting electronics. hh both in GaAs. A feature of the type-I transition is that its
PL peak energy increases as the excitation intensity is
increasetf>>due to the spatially separated electron and hole.
The PL spectra are shown in Figs. 1—3. For the multipleAS Shown in Fig. 4, the PL peak at 1.743 eV moves to higher
quantum-well samples, the thinnest well is closest to the suf€N€rgy as the excitation intensity increases from 2 to 100
face upon which the laser is incident and the thickest welW/cr. This indicates that the 1.743 and 1.787 eV peaks are
(100 A) is inner mos(see Table)l It is expected that the 100 elated to the type-Il and type-| transitions, respectively.
A well would experience a lower excitation intensity thanthe N order to analyze the PL spectra, the
outer wells because of the absorption effect. As shown iP@AS/I.oAlo.eAAS band offset and strain of GaAs have to
Fig. 1, the PL intensity of the 40 A well is much larger than P& known. The strained hh band offset of GaAgfil .e/AS
that of the 100 A well. The full width at half-maximum IS determined from the type-l and type-Il transitions of the
(FWHM) of the PL peaks in Figs. 1 and 2 is 8 meV. It can 25 .A qu_antum well, emplloying. an iteratiye analysis as de-
also be seen that a weak-intensity peak also exists 10 meSgribed in Ref. 21. In the iterative analysis, the electron and
below the main peak for the 60 A well. The PL spectrum ofhh confinement energies are caI(_:uIa.ted from the energy-
a 25 A quantum well is shown in Fig. 3. On the log scale, itdependent effective-mass mo.aéi/,vhllch is derived from the
can be seen that there are two peaks of energies 1.743 aff!r-bandk-p theory with the inclusion of straif? The ma-
terial parameters are listed in Table®$r3! The intrinsic

RESULTS AND ANALYSIS
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FIG. 1. PL spectrum of 40, 70, and 100 A GaAgil#l,qAS quantum
wells at 25 K. FIG. 3. PL spectrum of a 25 A GaAsfgAl,qAs quantum well at 29 K.
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FIG. 4. PL spectrum of a 25 A_(_BaAsU,gAIolggAs quantum well at 29 K Well thickness (A)
under different excitation intensities.

FIG. 5. Comparison of calculated and measured quantum-well transition

valence-band offset of GaAsfgAl, ¢sAs is obtained from energies at different well thicknesses for GaAghiAl ¢As. The strain of
. or 0.9 . . the GaAs is best fitted with 0.005.
the strained hh band offset and the corresponding strain-

induced band-edge sHiftof GaAs

C
1——12 e+b

c 1+2 z—lz) €, (1)
1 1 from the iterative analysis. The GaAs well thickness is also
wherea, andb are the valence-band hydrostatic and sheadetermined to be 27.2 A as a result of the iterative analysis.
deformation potentials;;; ande are the elastic constants and This value differs from the nominal thickne&5 A by ~1

the in-plane strain. Using the determined intrinsic valencemonolayer(2.8 A). It can be seen in Fig. 5 that the observed
band offset of GaAs/lf,AlyqdAS, the electron—hh and PL peak originates from the electron—lh transition at a well
electron—lh transition energies of strained GaAs/thickness of 100 A and from the electron—hh transition for
Ing.oAlp 9AS quantum wells are calculated from the energy-well thicknesses less than 40 A. For the PL spectrum of the
dependent effective-mass model. The result is compared #©0 A GaAs/In Al o/As quantum well in Fig. 2, there is
the measured PL peak energies of various quantum-we#dnother PL peak 10 meV below the main PL peak. The main
thicknesses. It is found that the strain of the GaAs is besPL peak is attributed to the—Ih transition and the lower-
fitted with 0.005 as shown in Fig. 5, in which the exciton energy peak to the—hh transition as indicated in Fig. 5.
binding energy of 15 or 10 meV is added to the PL peak The strain of the GaAs was also measured using Raman
energy if the well thickness is smaller or larger than 70 A spectroscopy for the 100 A/70 A/40 A sample. The Raman
respectively(The exciton binding energy is estimated from measurement was performed in {{@91] backscattering ge-
that of GaAs/AlAs quantum wells2 The intrinsic valence- ometry. The LO phonon frequency of tensile-strained GaAs
band offset of GaAs/lf,AlgeAs is found to be 0.56 eV is 290 cm * which is compared with that of unstrained GaAs

A Ehh: 2aU

TABLE Il. (a) Elastic constantg;;, conduction-band and valence-band deformation potentials of GA%-p parameters(s, v, andEp), band-gap
energiedEr andEy), and spin—orbit splittindAg,) of GaAs and 1g oAl gAS.

a Cq1 (Mbar) Cq, (Mbar) a. (eV) a, (eVv) b (eV)
1.18 0.54 -9.2 -1.0° -1.7
E, = Agt Ex
b s " ”2 (ev) (ev) (ev) (ev)
GaAs —-0.940 1.894 —0.482 25.7 1.519 0.341 1.979
INg oAl 9.9 AS' —1.184 0.977 —0.580 23.9 2.8% 0.277% 2.20%

*Reference 26.

PReference 27.

s, %, andEy(=2m P?/%2) are related to the band-edge effective masses as described in Ref. 24. The band-edge effectivengiassesg,/m, m,/m,
ms4/m) are(0.067, 0.35, 0.082, 0.154Refs. 26, 28 (0.015, 0.48, 0.20, 0.3QRef. 29, and(0.023, 0.35, 0.026, 0.09Refs. 28, 3D for GaAs, AlAs, and
InAs, respectively, wheren is the free electron mass.

dReference 28.

°Reference 31.

fs, v, and E, of IngqAlg gsAs are linearly interpolated from those of AlAs and InAs.

9Quadratic interpolation from those of AlAs and InAs as in Ref. 26.

"Measured from low-temperatuf@5 K) PL.
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