
VOLUME 80, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 29 JUNE 1998

nce
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]
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Inversion asymmetry in heterostructures of zinc-blend
semiconductors governs a variety of properties such
the parity degeneracy of band dispersions, spin-orientati
phenomena, or second order optical nonlinearities
quantum well (QW) structures. Yet, the origin of the
leading terms is a matter of current discussion. Asym
metry may originate from the bulk materials, the exter
nal potential, or the heterointerfaces themselves. The fi
two contributions have been extensively discussed in t
frame of thek ? p theory [1,2]. However, the role of
interfaces, although identified a long time ago in the con
text of tight-binding calculations [3], has been overlooke
until recently. Several experimental observations [4–6
have renewed the interest in this matter. In particula
the classical envelope function theory (EFT) has faile
to explain the difference between systems where the w
and barrier material share a common atom, or CA-QW
and those where they do not, orno-common-atom(NCA)
QWs. The latter generally [5,6] show a large anisotrop
of the optical absorption with respect to the in-plane po
larization of the optical wave, while the former do not
Moreover, it was observed in biased CA-QWs that th
parity forbidden transitions are strongly polarized, whil
the parity allowed transitions remain unpolarized [7]. Th
EFT predicts no polarization dependence at all in an
of these circumstances, and must be modified to accou
for these observations. There are two controversial a
pects: (i) What is the main source of inversion asym
metry in semiconductor QWs? (ii) Is the leading term
coupling of heavy- and light-holes at the minizone cen
ter skt ­ 0d or a kt-dependent coupling originating from
the interactions with remote bands? In order to clarif
these questions, we report in this Letter the direct me
surements of the electric-field-induced optical anisotrop
or quantum confined Pockels effect (QCPE) in (InGa)As
InP NCA-QWs. The interpretation of the experimenta
data within theHBF model [8] is satisfactory, and proves
that the hitherto neglected coupling of the hole spin com
ponents atkt ­ 0 by the interface and potential asymme
tries plays the dominant role. This theory also explain
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the previous observation of a QCPE in biased GaAs-AlA
CA-QWs [7].

In the classical EFT, each host is described by a sim
plified quasi-Gek ? p Hamiltonian, and the interfaces are
treated as a scalar potential. TheJz ­ 63y2 heavy-holes
and theJz ­ 61y2 light-particle states are not coupled
at kt ­ skx , kyd ­ 0. This remains true when the full
8 3 8 Pikus and Bir Hamiltonian [9] is used together with
the usual boundary conditions, as was done recently
Zhu and Chang [1]. However, this result is in contradic
tion with the fact that a slab of III-V semiconductor grown
along thef0, 0, 1g direction and submitted to a potentia
V szd having no inversion symmetry (such as an interfac
band offset or an electrostatic potential) has theC2y point
group symmetry. Indeed, in this case, thej3y2, 63y2l
and j3y2, 61y2l heavy-holesHd and light-holesLd states
cannot be pure eigenstates. This is because not only
inversion symmetry of the diamond lattice but also th
fourfold rotoinversion symmetry of the zinc-blende crys
tal is broken byV szd. In the perturbative limit of a tight-
binding approach [5], theH and L states are coupled at
kt ­ 0 by a first order term proportional to the potentia
asymmetry. This point of view is supported by the re
cent generalized boundary condition (GBC) theory [10] i
which the hole envelope function boundary conditions a
generalized and mix theH and L spin components. In
the heuristicHBF model[8], the same symmetry consid-
erations are treated as a perturbation to the classical EF
Although the GBC andHBF theories do not take explic-
itly into account the native asymmetry of bulk III-Vs, they
both explain fairly well the giant optical anisotropy of
NCA-QWs, and agree with tight-binding calculations [5]
On the contrary, the bulk and field-induced anisotrop
terms considered by Zhu and Chang [1] could not accou
quantitatively for the anisotropy observed in the lumines
cence of biased GaAs-AlAs QWs [7], and would not ex
plain the observations in NCA-QWs [5].

The discussion will be focused on a sample S
which consists of a state-of-the-art quality, metal-organ
chemical-vapor deposition (MOCVD) grown 50-period
© 1998 The American Physical Society
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FIG. 1. Optical absorption spectra of sample S1 recorded
77 K, under zero bias, with light linearly polarized along th
f1, 1, 0g and f21, 1, 0g directions (a). Relative difference of
these spectra or polarization spectrum (b). The inset shows a
scheme of the experimental setup.

InGaAss113 Åd-InP s100 Åd MQW forming the intrinsic
part of a p-i-n diode. The built-in electric fieldF0 is
7 kVycm [11]. X-ray diffraction shows that the sample i
strain-free. Optical transmission spectra are recorded
77 K, under normal incidence. The light source is a hal
gen lamp filtered by a grating spectrometer. The sam
is placed between two Glan-prism polarizers, and can
rotated around thef0, 0, 1g growth axis, as illustrated in
the inset of Fig. 1. The absorption spectra obtained fro
the transmission data with light linearly polarized alon
the f1, 1, 0g and f21, 1, 0g directions and the relative
difference of these spectra, or polarization spectrum, a
shown in Figs. 1(a) and 1(b). These results witness to the
excellent quality of the sample and illustrate the existen
of a huge dichroism (up to 11%) in the spectral regio
between theH1-E1 and L1-E1 transitions. A replica
of this effect is also observed between theH2-E2 and
L2-E2 transitions. As previously discussed [5,8], thi
in-plane optical anisotropy is due to the specific interfa
bonds (here, P-(InGa) and As-In) existing in NCA QWs.

The field-dependent absorption and polarization spe
tra are displayed in Figs. 2 and 3, together with the res
of our calculations. The quantum confined Stark effe
(QCSE) data shown in Fig. 2 illustrate the well-know
redshift of the first transitions, associated with the eme
gence of new transitions which were parity forbidden
F ­ 0. The width of the transitions does not increas
significantly, which proves that the electric field is quit
homogeneous through the MQW region [11]. As see
on Fig. 3(a), the optical anisotropy is strongly affected
by the electric field. The polarization spectrum basical
consists of two regions, the first one between theH1-E1
and H2-E1 transitions and the second one between t
H2-E1 and L1-E1 transitions. The polarization rates o
these transitions undergo different changes, which p
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duce both qualitative and quantitative changes in the p
larization spectrum. The inset shows that the field d
pendence of the polarization athn ­ 838 meV (H1-E1
transition) is linear at low field.

The optical anisotropy of NCA-QWs is understood
within the GBC [10] orHBF [8] theories, in terms of two
potentials (dV1 ­ V 0

1-V2 and dV2 ­ V 0
2-V2 in the nota-

tions of Ref. [8]) localized at the two interfaces and mix
ing the H and L states at the minizone center. Whe
an axial electric fieldF is turned on, the situation is
changed in three different ways: (i) The different sub
bands of each particlesH, L, Ed are mixed by the elec-
trostatic potentialeFz; (2) the related breakdown of the
parity selection rules introduces new transitions in the o
tical spectrum; (3) the bulk properties are affected by t
symmetry reduction due to the asymmetric perturbatio
The corresponding changes of the optical spectra are e
ily understood in the perturbative framework of theHBF

model, where the actual HamiltonianHBF ­ H0
BF 1 HF

is expanded in the truncated basis formed by theF ­ 0
bound eigenstates of the usual square-well EFT Ham
tonian. In this basis, theHBF matrix elements are written
in a simple analytical form.H0

BF contains diagonal cor-
rections to the energy levels, proportional to the squar
envelope function amplitudes at the interfaces, and o
diagonal terms mixing the heavy- and light-hole state
proportional to the product of theH and L envelope
amplitudes at the interfaces.HF contains two different

FIG. 2. Optical absorption spectra for various values of th
electric field, and the corresponding theoretical spectra. T
calculation takes into account the diagonal corrections of t
HBF model.
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FIG. 3. Polarization spectra for various values of the elec
field (a), corresponding calculations (b), and the same calcula
tions, including a 6 meV phenomenological broadening of
transitions (c). The inset shows the field dependence of t
polarization rate forhn ­ 838 meV.

contributions: (i) The classicaleFz term which mixes, for
each particle, the subbands of different indexes. It giv
rise to the QCSE, and contributes to the QCPE by cha
ing the respective weights of the left and right interfac
(ii) There is abulk term proportional toF and to the over-
lap of theH andL envelope functions, mixing theH and
L subbands just like the interface potentials do. The la
term is absent from previousk ? p theories of the Pock-
els effect [12,13] and has no equivalent in the Pikus a
Bir Hamiltonian. It is argued in Ref. [14] that the origi
for the missing term is the potentialeFz being incompati-
ble with the cyclic boundary conditions used in thek ? p
theory. In theHBF model, this new term appears nat
rally, as all (slowly or rapidly varying) contributions to
the breakdown of the rotoinversion symmetry are trea
on the same footing. Again, in this simple-minded a
proach, the interactions with remote bands considered
Ref. [1] are neglected. When calculating the optical a
sorption spectrum, the in-plane motion can be treated
ther in the diagonal approximation, as in Ref. [8] or b
expanding the Luttinger Hamiltonian in the same bou
eigenstate basis, following the method developed by B
tard et al. [15]. We have found only insignificant differ
ences between the optical spectra calculated using e
model, although the corresponding valence subband
persions are spectacularly different. We stress here
drastic difference between thekt ­ 0 coupling and the
mixing at finitekt due to the Luttinger Hamiltonian. The
5772
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former has little influence on subband dispersions but pr
duces the dramatic optical anisotropy effects, while th
latter governs the subband dispersions but actually has
tle consequence on the optical spectra.

We first examine the fit of the QCSE data displayed i
Fig. 2. Taking into account exciton binding energies o
the order of 6 meV, the agreement between experime
and theory is very good for all values of the field [11]. In
particular, the experimentalH1-L1 splitting (19 meV at
F ­ 0) is significantly smaller than the value (23 meV)
initially obtained in the EFT approximation. This is be-
cause the diagonal correction is much larger forL1 than
for H1 (see numerical values in Table I). The sign of thi
correction indicates that the dominant interface potenti
is attractive, which is fully confirmed by the fit of the
field-dependent polarization spectra. As the field is in
creased, theH1-E1 andL1-E1 transitions are redshifted,
and the parity forbiddenH2-E1 transition gains more os-
cillator strength. We now concentrate on the QCPE i
lustrated in Fig. 3. The theoretical curves [Figs. 3(b) and
3(c)] have been shifted by 6 meV to allow a better com
parison with the experimental data. This amounts to a
suming that the excitonic features are polarized the sam
way as the corresponding band-to-band transitions, a
to consider equivalent binding energies for the exciton
associated with any pair of subbands [16]. Interface p
tentialsdV1 ­ 21000 meV anddV2 ­ 150 meV yield
the best fit. The corresponding values of the mainHBF
matrix elements are listed in Table I. Figure 3 shows tha
the general trends of the experimental results are well r
produced, and the agreement becomes rather good i
broadening of the transitions is introduced in the calcula
tion [Fig. 3(c)]. These parameters also give a satisfactor
description of the QCPE replica observed betweenH2-E2
andL2-E2.

Actual interface compositions depend on the growt
conditions, for instance, via the anion exchange mech
nism during growth interruption. We have indeed per
formed the same experiments on an equivalent samp
S2 grown by Gas-Source molecular-beam epitaxy in
stead of MOCVD. Significant differences in the shap
of the QCPE spectra are observed, leading to different i
terface potentialsdV1 ­ 2600 meV, dV2 ­ 250 meV.
Altogether, these results clearly indicate that the in
terfaces, which are responsible for theF ­ 0 optical
anisotropy [5,6], are the leading cause of Pockels effect
NCA-QWs.

In the case of common anion (CA) QWs, theHBF

interface potentials are merely the usual valence ba

TABLE I. Numerical values (in meV) of the mainHBF matrix
elements corresponding to the fit of the QCPE in sample S1.

F
skVycmd H1-H1 L1-L1 H1-H2 L1-L2 H1-L1 H2-L1

0 20.64 23.3 10.69 13.3 i0.84 i1.82
50 20.64 23.3 210.53 210.1 i1.26 i1.82
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FIG. 4. Polarization rate of theH1-E2 low temperature
luminescence versus applied electric field measured in
100 Å GaAs-AlAs quantum well (crosses, from Ref. [7]) and
correspondingHBF calculation (solid line).

offset and, if the well is symmetric, they only mix
heavy- and light-hole bands of different parities, a
required by the correspondingD2d symmetry. Hence,
for CA-QWs, the theory contains no adjustable paramet
This is why we finally reexamine theelectropleochroism
effect reported in Ref. [7] and discussed theoretically
Ref. [1]. Kwok et al. [7] have investigated carefully the
polarization of the low temperature luminescence of
biased GaAs-AlAs MQW. They found that the main
H1-E1 exciton luminescence is completely unpolarized
which is in agreement with our parameter-free calculatio
and illustrates the importance of the bulk contributio
to HF . Indeed we calculate a polarization rate belo
1% for theH1-E1 transition atF ­ 100 kVycm, while
the sole contribution of interfaces would give 5.5%
This means that in CA-QWs the bulk and interfac
contributions to the Pockels effect tend to cancel ea
other for allowed transitions. This result also agrees wi
our observations in a InGaAs-AlInAs MQW. In addition
Kwok et al. observed that the excited, parity forbidde
transition H1-E2 shows a strong in-plane polarization
Their polarization data are shown in Fig. 4, togethe
with our calculation. It appears that the agreement
reasonably good, if one accounts for the significa
field inhomogeneity due to large carrier injection in thi
experiment. For this sample, Zhu and Chang [1] calcula
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a polarization rate of 0.5% at the onset of theH1-H2
transition for F ­ 36 kVycm, to be compared with the
HBF result of 6.6%. Hence, theH-L mixing at kt ­ 0
seems to also play the dominant role in the case of bias
CA-QW’s.

In conclusion, we have found that InGaAs-InP NCA
QWs show a giant optical anisotropy which can be tune
by an applied electric field. This original observation
is very well described by the recentHBF theory, in
which the origin of these effects is akt ­ 0 coupling
of the heavy- and light-holes not taken into account b
previous theories. Even in the case of CA-QWs, theHBF
perturbation terms are much larger than the bulk inversio
asymmetry terms considered previously.
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