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Light-heavy hole mixing and in-plane optical anisotropy of InP-AlIn,;_,As type-l
multiquantum wells
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We report investigations of the giant in-plane polarization anisotropy of InR+Al,As type-Il multiquan-
tum wells. An absorption polarization rate up to 30% is observed over a very brea@Q( meV) spectral
range, in contrast with type-I quantum wells where similar effects are observed in a much narrower range. This
property results from the heavy- and light-hole band mixing due to the interface symmetry reduction, combined
with the lifting of parity selection rule due to carrier spatial separation in type-Il quantum wells. Calculations
within the framework of theHgr model (i.e., the envelope function theory wit@i,, perturbations at the
interfaces yield fair agreement with the experimental results.

There is increasing interest in the large in-plane anisotnally symmetrical, common anion quantum well such as
ropy of the optical properties of semiconductor GaAs-ALGa _,As, the two interface potentials have oppo-
heterostructurés* because this recently discovered phenom-site signs, and they couple only heavy- and light-hole states
enon is forbidden in the classical envelope function theorbf opposite paritiesfor instanceH, andL;): In accordance
(EFT), and appears to have important implications in differ-yith the D,y point-group symmetry of such a symmetrical
ent fields of s7emiconductor science such as_quantum-wethyy this restricted coupling does not generate any in-plane
electro—qptlcg‘ or quantum magnetotranspﬁrgt..As dis-  gptical anisotropy. In general however, the quantum well has
cussed independently by several autHBTé_,zthe poIntgroup - gome asymmetrymodulation doping, applied electric field,
symmetry Ty of the _zmc—blende lattice is reduced by the asymmetrical composition profjleand retains the lowC,,
presence of a sharp interface to t_he mu_ch Io_@gy symme- symmetry of a single interface. A case of particular interest
try. It loses not only the translational invariance along theiS that of “no-common-atom” (NCA) heterostructuréd?
[001] growth axis, but also an element of rotational symme-;. L .

like In,Ga _,As-InP, where nominal interfaces involve half-

try, namely the fourfold roto-inversion arourad As a con- ; e

sequence, the Hamiltonian must contain some interface ter onolayers of d'ﬁerem SpECIfIIC m_terface bonds, namely

proportional to the lowest symmetry invariant of t@, _In,Ga)—P and In-As. This NCA S!tuat.IOI’.l is als_o. encountered

group’lo i.e., the operatot L, +L,L,, which appears to be in the InP{Al,In)As system, whlch is in addition the best
example of regular type-Il configuration: Electrons are con-

identical to the F-B) operator we have introduced in the ¥ - ) _
“Hge model.” (Hge denotes the exacC,, Hamiltonian (ined in the InP layers with a conduction-band oftSaif

built with the backwardB) and forward(F) operators which Ac=400 meV and holes in théAl,In)As layers with a va-
are defined in Ref. 12This term clearly couples the heavy lence band offset oA, =300 meV, as shown schematically
and light hole state§3/2,3/2 and|3/2,—1/2) (hereafter de- N the inset of Fig. 1. From the consideration of Ed), it
notedH* andL") and, similarly,H™ andL". By taking May be anticipated that the optical properties of such type-II
into account that the symmetry reduction is localized in theduantum wells should be particularly sensitive to the inter-

interface unit cell, the mixing matrix element associated to 4ace symmetry reduction efféftbecause they result entirely
single interface takes the simple fof'? from the overlap of conduction and valence eigenstates in the

interface regiort/ Here, we report experimental investiga-
ag . - tions of the optical anisotropy in InP-Ah;_,As multiple
MHL:ZvintfH(Zint)fL(ZintxH I((F=B)IL7), (1)  quantum well§MQW’s) and discuss the result in the frame-

work of theHzr model where the corrective matrix elements
wherea, is the lattice constanintroduced here for dimen- My, are treated as a perturbation in the classical EFT.
sionality conveniencde Vj,; is an interface potential whose  The samples are 50-period InPy;_,As multiple-
relation to band-structure parameters is still a matter of disquantum wells grown by atmospheric pressure metal oxide
cussion,z;,, is the interface position anfly, f, the enve- chemical vapor depositiotMOCVD). X-ray diffraction re-
lopes of the heavy- and light-hole states. The actual couplingeals an astonishingly good structural quatftyTheir basic
in a quantum-wel(QW) structure is the sum of the different optical propertiesincluding low threshold lasinghave been
(at least twg interface contributions, and it depends on thereported in Refs. 15 and 20—22. The discussion will be fo-
overall QW symmetry. Thisk-independent coupling of cused on a sample with layer thicknesses (AP A) and
heavy and light hole states causes the in-plane opticalAlIn)As (100 A), but equivalent results have been observed
anisotropy’*?and also has a variety of consequences on then samples having different parameters. The absorption
detailed properties of the quantum-well band structlike ~ spectrum obtained from direct optical transmission measure-
the lifting of parity degeneracy of the band disperdiot), ments using unpolarized light is shown in Fig. 1, together
which are a matter of present interest. In the case of a nomiwith the corresponding EFT calculation. With respect to the
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FIG. 1. Unpolari i i
polarized optical absorption spectrum recorded at 77 Energy (meV)

K in a 50-period InP(40 A)—Al,In;_,As (100 A MQW, and cal-
culated spectrum in the classical envelope function theory. All the g5 5 (a) Polarization-resolved absorption spectra, &byl

steplike transitions end in the first confined steof the INP QW, e rejative difference or polarization spectrum. Light is polarized
so we only label the starting hole level. The strong absorption

which appears at about 1405 meV comes from a 1000-A-thick IanaraIIeI to th?[llo] and [110] _dlregtlons. The_loyver panelc)
. ; : ... shows the anisotropy of the optical indgxn| (solid line) together

cap layer. The inset shows schematically the band alignment in this . . . .

type-Il system with the calculated Kramers-Kronig transform of the absorption dif-

ference(dashed ling

well-known steplike absorption spectrum of a type-l two- N < Aa(w)

dimensional heterostructure, there are three major differ- A”(wo):—wopf de 2
ences{i) the lifting of parity selection rules makes the num- 4ml 0 wz—wg

ber of allowed transitions much larger than in a supposedly

type-l, 40-A-thick InP QW where onlyH,;—E; and L,  WhereL is the total width of the MQW regiom\ a= (1,9,
—E, would show up in the displayed energy range; the — — @[110] and th(_a notation p stands for the pr|nC|paI valug of
absorption per transition is much smaller than the 1% Ioe];he integral. This indicates that the “causality” of the optical

well usually observed in type-l QW's, as a consequence ofhisotropy in these samples is entirely contained in the near-

the small overlap of spatially separated envelope functiong>@nd-gap region, with essentially no influence from the ab-

L tion near theE1l band gap I point of the Brillouin
and (iii ) the extreme sensitivity of the Ah;_,As band gap sorp . . o
to composition fluctuations, 27 meV/%, is directly reverber-zone’ which governs the main part of the refractive index.

ated in the broadening of the optical transitions, which uIti-NOte that 'similar trend has been observed in type-|
In,Ga _,As-InP quantum wells.

mate!y washes out the_ steplike density of_states, In spite of %, order to illustrate the specific role played by the type-ll
the high strgctural quality. We can also n9t|ce that due to th%ature of this system, we show for comparison the results
strong conflne_ment of qqnducnon states in the 40-A InP 'ay'obtained in a 113-A-thick Ga, ,As-InP QW® The latter

ers, all the optical transitions that may be observed below thepqys indeed a comparable sequence of hole levels, hence
gap of InP end in the first conduction stdfe. Polarization-  {he consequences of the symmetry reduction in the valence
resolved results are displayed in Fig. 2 where the absorptioBand[Eq_ (1)] should be similar. However, as shown in Fig.
spectra obtained with light linearly polarized along [8¢0] 3 the polarization spectra in the two samples differ strikingly
and [110] directions (i.e., parallel to the sample cleaved by the maximum value of the polarization rat&0% com-
edges are shown in the upper panel, their relative differencepared to 10%and by the width of the polarization spectrum
(or absorption polarization spectriirm the second panel, (more than 100 meV compared to 16 meWhese differ-
and the birefringence spectrum in the lower panel. The latteences are mainly the consequence of the partial lifting of
is obtained by combining the polarization-resolved absorpparity selection rule€ in type-ll MQW's: In the presence of
tion spectra with the transmission spectrum measured be&symmetrical interfaces, all the hole bands are coupled by
tween crossed polarizers, which measures the squared modhe C,, component of the interface potent{&g. (1)], and

lus of the complex refractive indelAn|2. The birefringence  all of them contribute with equivalent strength to the optical
spectrum is nearly perfectly fitted by the Kramers-Kronigabsorption towards the first conduction state confined in the
transform of the absorption differen¢dashed line in Fig. InP layers. Therefore, it may be anticipated that the anisot-
2(c)], according to the formula ropy features are observed over the whole spectral range in-
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@) A111I1As-InIP this computationally nontrivial procedure necessary, while

the case of type-I QW's is satisfactorily handled analytically
with a mere 22 matrix. In practicgaccording to theHgg
representation of th€,, potentia), we choose to write the
interface potentials\(;+A,)/y3 and (/,—A,)/\/3, where
A, is the valence band offset. The theoretical spectra in Fig.
3(a) are obtained witl/;=1000 meV,V,=200 meV. No-
ticeably, these values fall in the same range as those used to
fit the data in the IgGa ,As-InP system VY,
=1300 meV,V,=300 meV). Itis noteworthy that we have
neglected in these calculations the noncommutativity of the
band offsets that had been evidenced in these sy$téfé
and would slightly affect the symmetry of thie; and f
envelope functions. However, in absence of experimental
data on the electric field dependertéehe fit is not very
sensitive(within 200 meV variationsto the values oV, and
V,. Numerically we find that the field dependence of the
anisotropy varies strongly with the interface potentials and
more specifically with their differenc&;—V,. Using the
Energy (meV) Energy (meV) above-mentioned parameters we calculate that the polariza-
o o tion rate should increase by an average factor of 1.5 over the
FIG. 3. (a) Polarization-resolved calculated spedtsalid lines  gpectral region of interest under an electric field of 50 kV/cm
Zrlm: CO”ESPI\‘/)IS‘:/'\?Q meas”';jem.e:(‘é')”heq “rl‘e)s'“ the type-Il '1”12' A and decrease by a factor of 0.8 if the field is reversed. Be-
xM1—xAS compared witlb) equivalent spectra in sides, no drastic change in the shape of the anisotropy spec-
(In,GaAs-InP type-| MQW. The inset irfa) shows the model po- ;) js predicted. Although the general trends of the results
tential used in the calculation. - .
seem to be well explained by the present calculation, there
are still some discrepancies. In particular, the experimental
stead of being restricted to the intervals between heavy- angolarization spectrum vanishes above 1350 meV while the
light-hole transitions of same index. Also, the volume of calculated one remains significantly polarized. It seems that
material tested by the optical absorption is restricted to thehe discrepancy cannot be explained by the choice of band-
interfacial region and it seems natural that the effects argtructure parameter@ncluding vV, andV,). One possibility
proportionally larger than in the type-l configuration whereis that the restriction of the basis to quantum-well bound
optical absorption tests the whole QW volume. Thesestates ignores a significant coupling of these states to those
simple-minded ideas are in fact supported by the calculationlying above the barrier, which may affect the calculated
also displayed in Fig. 3. The procedure follows the generabpectra. An even more likely cause of discrepancy is the use
line of the Hgr model: we first calculate the hole and con- of an ideally sharp interface model, which cannot be realistic
duction wave functions, using the classical E@Sdlved by a and must reach some limits, especially when coming to ex-
transfer matrix routinein the model structure given as a cited states with rapidly varying envelopes: The possible use
schematic in the inset of Fig. 3. It corresponds to thidd- of polarization-resolved measurements as a spectroscopic
n)As quantum wells separated by two InP layers, and is emtool for the investigation of semiconductor interfaces would
bedded in a virtual material forming a barrier for both therequire a careful examination and modeling of these discrep-
electrons and the holes. Then we estimate the coupling mancies between ideal model predictions and observations.
trix elementsM ;. between all the confined hole statésur In conclusion, we have shown that the polarization-
H and twolL states for each well using different potential resolved spectroscopy of type-Il NCA MQW's reveals quali-
strengths for the Aln; _,As-InP and InP-Alln, _,As inter-  tatively new aspects of the interface symmetry reduction ef-
faces. The 18 18 coupled valence-band Hamiltonian is thenfect. The large polarization ratio observed over a broad
diagonalized numerically, and the new eigenstates are finallgpectral range also make the type-Il configuration more in-
used to calculate the optical absorption toward the two conteresting for the use of the anisotropy properties in the trans-
duction states forming the first “conduction miniband.” The parency region, since it results in an index anisotropy com-
subtle symmetry selection rule of type-1l superlattices makeparatively larger than in type-l NCA QW's.
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