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Inversion Asymmetry in Heterostructures of Zinc-Blende Semiconductors:
Interface and External Potential versus Bulk Effects
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The direct observation of electric-field-induced optical anisotropy in InGaAs-InP quantum wells is
reported. The analysis of this effect shows that hitherto neglected heavy- and light-hole couplings at
the minizone center due to interface and external potential inversion asymmetries play a much stronger
role than the classical bulk inversion asymmetry. The giant electropleochroism previously reported by
Kwok et al. is quantitatively explained. [S0031-9007(98)06420-5]

PACS numbers: 73.20.Dx, 78.20.Fm, 78.20.Jq, 78.66.—w

Inversion asymmetry in heterostructures of zinc-blendehe previous observation of a QCPE in biased GaAs-AlAs
semiconductors governs a variety of properties such a8A-QWs [7].
the parity degeneracy of band dispersions, spin-orientation In the classical EFT, each host is described by a sim-
phenomena, or second order optical nonlinearities implified quasi-Gek - p Hamiltonian, and the interfaces are
guantum well (QW) structures. Yet, the origin of the treated as a scalar potential. The= *=3/2 heavy-holes
leading terms is a matter of current discussion. Asymand theJ, = *1/2 light-particle states are not coupled
metry may originate from the bulk materials, the exter-at k, = (k,,k,) = 0. This remains true when the full
nal potential, or the heterointerfaces themselves. The fir® X 8 Pikus and Bir Hamiltonian [9] is used together with
two contributions have been extensively discussed in théhe usual boundary conditions, as was done recently by
frame of thek - p theory [1,2]. However, the role of Zhu and Chang [1]. However, this result is in contradic-
interfaces, although identified a long time ago in the contion with the fact that a slab of 11l-V semiconductor grown
text of tight-binding calculations [3], has been overlookedalong the[0,0, 1] direction and submitted to a potential
until recently. Several experimental observations [4—6]V(z) having no inversion symmetry (such as an interface
have renewed the interest in this matter. In particularband offset or an electrostatic potential) has €hg point
the classical envelope function theory (EFT) has failedgroup symmetry. Indeed, in this case, th3¢2, +3/2)
to explain the difference between systems where the welind|3/2, =1/2) heavy-hole(H) and light-hole(L) states
and barrier material share a common atom, or CA-QWsgannot be pure eigenstates. This is because not only the
and those where they do not, mo-common-atonfNCA)  inversion symmetry of the diamond lattice but also the
QWs. The latter generally [5,6] show a large anisotropyfourfold rotoinversion symmetry of the zinc-blende crys-
of the optical absorption with respect to the in-plane po4al is broken byV (z). In the perturbative limit of a tight-
larization of the optical wave, while the former do not. binding approach [5], thé/ and L states are coupled at
Moreover, it was observed in biased CA-QWs that thek, = 0 by a first order term proportional to the potential
parity forbidden transitions are strongly polarized, whileasymmetry. This point of view is supported by the re-
the parity allowed transitions remain unpolarized [7]. Thecent generalized boundary condition (GBC) theory [10] in
EFT predicts no polarization dependence at all in anywhich the hole envelope function boundary conditions are
of these circumstances, and must be modified to accougeneralized and mix th& and L spin components. In
for these observations. There are two controversial aghe heuristicHgr model[8], the same symmetry consid-
pects: (i) What is the main source of inversion asym-erations are treated as a perturbation to the classical EFT.
metry in semiconductor QWs? (i) Is the leading term aAlthough the GBC and{gr theories do not take explic-
coupling of heavy- and light-holes at the minizone cen-itly into account the native asymmetry of bulk 111-Vs, they
ter (k;, = 0) or ak,-dependent coupling originating from both explain fairly well the giant optical anisotropy of
the interactions with remote bands? In order to clarifyNCA-QWSs, and agree with tight-binding calculations [5].
these questions, we report in this Letter the direct mea©n the contrary, the bulk and field-induced anisotropy
surements of the electric-field-induced optical anisotropyterms considered by Zhu and Chang [1] could not account
or quantum confined Pockels effect (QCPE) in (InGa)As-quantitatively for the anisotropy observed in the lumines-
INP NCA-QWs. The interpretation of the experimentalcence of biased GaAs-AlAs QWs [7], and would not ex-
data within theHgr model [8] is satisfactory, and proves plain the observations in NCA-QWs [5].
that the hitherto neglected coupling of the hole spin com- The discussion will be focused on a sample S1
ponents ak, = 0 by the interface and potential asymme- which consists of a state-of-the-art quality, metal-organic
tries plays the dominant role. This theory also explainchemical-vapor deposition (MOCVD) grown 50-period
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LI S A B L duce both qualitative and quantitative changes in the po-
H1-E1 HZE2 L2;E2 larization spectrum. The inset shows that the field de-
pendence of the polarization av = 838 meV (H1-E1
E transition) is linear at low field.

] The optical anisotropy of NCA-QWs is understood,
. within the GBC [10] orHgF [8] theories, in terms of two
] potentials VvV, = V|-V, and 8V, = V,-V, in the nota-
tions of Ref. [8]) localized at the two interfaces and mix-
ing the H and L states at the minizone center. When
an axial electric fieldF is turned on, the situation is
changed in three different ways: (i) The different sub-
bands of each particléH, L, E) are mixed by the elec-
trostatic potentiakFz; (2) the related breakdown of the
] parity selection rules introduces new transitions in the op-
1000 1100 tical spectrum; (3_) the bulk properties are _affected by .the
. symmetry reduction due to the asymmetric perturbation.
PHOTON ENERGY (meV) The corresponding changes of the optical spectra are eas-
FIG. 1. Optical absorption spectra of sample S1 recorded aty understood in the perturbative framework of thgg
77 K, under zero bias, with light linearly polarized along the model, where the actual Hamiltonidfigr = HgF + HF
[1,1,0] and [~1,1,0] directions ). Relative difference of s expanded in the truncated basis formed by khe: 0
tsrzziséemsépgfc iLae%prglr?rL%ittlglnsgffﬁ trub). ( The inset shows a bou_nd eigen;tate; of the usuallsquare-well EFT _Hamil-
tonian. In this basis, th&gr matrix elements are written
InGaAg113 A)-InP (100 A) MQW forming the intrinsic  in a simple analytical form.H3r contains diagonal cor-
part of ap-i-n diode. The built-in electric fieldFy is  rections to the energy levels, proportional to the squared
7 kV/cm [11]. X-ray diffraction shows that the sample is envelope function amplitudes at the interfaces, and off-
strain-free. Optical transmission spectra are recorded aliagonal terms mixing the heavy- and light-hole states,
77 K, under normal incidence. The light source is a haloproportional to the product of thé and L envelope
gen lamp filtered by a grating spectrometer. The samplamplitudes at the interfacesi’ contains two different
is placed between two Glan-prism polarizers, and can be
rotated around th§0,0, 1] growth axis, as illustrated in
the inset of Fig. 1. The absorption spectra obtained fromr
the transmission data with light linearly polarized along
the [1,1,0] and [—1,1,0] directions and the relative
difference of these spectra, or polarization spectrum, art
shown in Figs. 1§) and 10). These results witness to the
excellent quality of the sample and illustrate the existence ~
of a huge dichroism (up to 11%) in the spectral region %
between theH1-E1 and L1-E1 transitions. A replica
of this effect is also observed between tHe-E2 and
L2-E2 transitions. As previously discussed [5,8], this &§ 0 ;
in-plane optical anisotropy is due to the specific interface feeened
bonds (here, P-(InGa) and As-In) existing in NCA QWs. i

The field-dependent absorption and polarization spec & Hi-E2 61 kV/em
tra are displayed in Figs. 2 and 3, together with the resuli ;
of our calculations. The quantum confined Stark effect< ¢ | ’ greeeeres T
(QCSE) data shown in Fig. 2 illustrate the well-known 4 ]
redshift of the first transitions, associated with the emer-
gence of new transitions which were parity forbidden at
F = 0. The width of the transitions does not increase
significantly, which proves that the electric field is quite
homogeneous through the MQW region [11]. As seen 500 250 900 950 1000
on Fig. 3@), the optical anisotropy is strongly affected
by the electric field. The polarization spectrum basically PHOTON ENERGY (meV)
consists of two regions, the first one between theE1 , . .

o FIG. 2. Optical absorption spectra for various values of the
and H2-E1 transitions ‘f‘nd the second (_)ne_between thPelectric field, and the corresponding theoretical spectra. The
H2-E1 andL1-E1 transitions. The polarization rates of calculation takes into account the diagonal corrections of the
these transitions undergo different changes, which proHgr model.
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10 - (a)

former has little influence on subband dispersions but pro-
duces the dramatic optical anisotropy effects, while the

Y ——7 kV/em ; ; .
latter governs the subband dispersions but actually has lit-

i\ — — -25 kV/em
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20 40 ' i i [
FIELD (Vi) 1 for H1 (see numerical values in Table 1). The sign of this

SRR correction indicates that the dominant interface potential
~ A 11.E1 . is attractive, which is fully confirmed by the fit of the
S 1 field-dependent polarization spectra. As the field is in-

creased, thé/1-E1 and L1-E1 transitions are redshifted,

and the parity forbidde#2-E1 transition gains more os-

cillator strength. We now concentrate on the QCPE il-

T lustrated in Fig. 3. The theoretical curves [Figsbj3and

3(c)] have been shifted by 6 meV to allow a better com-

820 840 860 880 200 parison with the experimental data. This amounts to as-

PHOTON ENERGY (meV) suming that the excitonic features are polarized the same
FIG. 3. Polarization spectra for various values of the electricva@y as the corresponding band-to-band transitions, and
field (a), corresponding calculations), and the same calcula- to consider equivalent binding energies for the excitons
tions, including a 6 meV phenomenological broadening of theassociated with any pair of subbands [16]. Interface po-
transitions €). The inset shows the field dependence of thetentials'o‘Vl = —1000 meV andsV, = +50 meV vyield
polarization rate fon = 838 meV. the best fit. The corresponding values of the mAigy
matrix elements are listed in Table I. Figure 3 shows that
contributions: (i) The classicalFz term which mixes, for the general trends of the experimental results are well re-

each patrticle, the subbands of different indexes. It giveproduced, and the agreement becomes rather good if a

rise to the QCSE, and contributes to the QCPE by changsroadening of the transitions is introduced in the calcula-

ing the respective weights of the left and right interfacestion [Fig. 3(c)]. These parameters also give a satisfactory

(i) There is abulkterm proportional t& and to the over- description of the QCPE replica observed betwHeAE?2

lap of theH andL envelope functions, mixing thd and  andL2-E2.

L subbands just like the interface potentials do. The latter Actual interface compositions depend on the growth

term is absent from previous - p theories of the Pock- conditions, for instance, via the anion exchange mecha-

els effect [12,13] and has no equivalent in the Pikus anaism during growth interruption. We have indeed per-

Bir Hamiltonian. It is argued in Ref. [14] that the origin formed the same experiments on an equivalent sample

for the missing term is the potentiaFz being incompati- S2 grown by Gas-Source molecular-beam epitaxy in-

ble with the cyclic boundary conditions used in tke p  stead of MOCVD. Significant differences in the shape
theory. In theHgr model, this new term appears natu- of the QCPE spectra are observed, leading to different in-
rally, as all (slowly or rapidly varying) contributions to terface potential$$V, = —600 meV, 6§V, = —50 meV.

the breakdown of the rotoinversion symmetry are treated\ltogether, these results clearly indicate that the in-

on the same footing. Again, in this simple-minded ap-terfaces, which are responsible for tl#e= 0 optical

proach, the interactions with remote bands considered ianisotropy [5,6], are the leading cause of Pockels effect in

Ref. [1] are neglected. When calculating the optical abNCA-QWSs.

sorption spectrum, the in-plane motion can be treated ei- In the case of common anion (CA) QWs, thifsr

ther in the diagonal approximation, as in Ref. [8] or byinterface potentials are merely the usual valence band

expanding the Luttinger Hamiltonian in the same bound

eigenstate basis, following the method developed by BasfraBLE I. Numerical values (in meV) of the maiHzr matrix

tard et al. [15]. We have found only insignificant differ- elements corresponding to the fit of the QCPE in sample S1.

ences between the optical spectra calculated using either

modgl, although the correqunding valence subband di?RV/cm) H1-H1 L1-L1 H1-H2 L1-L2 HI1-L1 H2-L1
persions are spectacularly different. We stress here the
drastic difference between tHe, = 0 coupling and the
mixing at finitek, due to the Luttinger Hamiltonian. The
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5[ W 43 kV/em tle consequence on the optical spectra.

@ [ il ; We first examine the fit of the QCSE data displayed in
= o0f o NI s Fig. 2. Taking into account exciton binding energies of
E g H2-E1 X §8_ hv=838 meV|] the order of 6 meV, the agreement between experiment
é ‘:‘ \L Z ] and theory is very good for all values of the field [11]. In

30 L E r 5 particular, the experimentdl 1-L1 splitting (19 meV at
% i HI-E1 | : N4 ] F = 0) is significantly smaller than the value (23 meV)
= 20 [ (b)l‘ = il "3‘ L . initially obtained in the EFT approximation. This is be-
: - ! : SoL ] cause the diagonal correction is much larger £drthan
N 10 F ; 0 .
=
<
]
=)
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0 —-064 —33 +0.69 +33 i0.84 i1.82
50 —-064 —-33 —-1053 -—-10.1 126 i1.82
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QWs show a giant optical anisotropy which can be tuned
by an applied electric field. This original observation
is very well described by the recerigr theory, in
which the origin of these effects is ke, = 0 coupling

60 e e a polarization rate of 0.5% at the onset of thd-H2

® 1 transition for F = 36 kV/cm, to be compared with the

~ i Hpgr result of 6.6%. Hence, th&/-L mixing atk, = 0

S 40 7] seems to also play the dominant role in the case of biased
: + Ref.7 ) CA-QW's.

& 20 —HBF ] In conclusion, we have found that InGaAs-InP NCA-

] of the heavy- and light-holes not taken into account by
. previous theories. Even in the case of CA-QWs, thg:

] perturbation terms are much larger than the bulk inversion
asymmetry terms considered previously.
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