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Giant Optical Anisotropy of Semiconductor Heterostructures with
No Common Atom and the Quantum-Confined Pockels Effect
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We examine the optical anisotropy associated with the absence of fourfold rotoinversion axis in
heterostructures of zinc-blend materials sharing no common atom or submitted to an external potential
having no inversion symmetry. We discuss a simple original method allowing the introduction of
the local symmetry considerations into the classical envelope function theory, which permits flexible
calculations of quantum well structures. In particular, we consider the “quantum confined Pockels
effect” resulting from the application of an external electric field, and we discuss its relation to the
“guantum confined Stark effect.” [S0031-9007(96)00812-5]

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

Semiconductor heterostructures in which the host maef the envelope function theory, it was recently observed
terials M1, M2 do not share a common atom have thethat InP-AllnAs type Il superlattices show a large linear
remarkable peculiarity that chemical bonds across the indichroism and associated birefringence in the near-gap re-
terfaces do not exist in either of the hosts. The generadion [8], for light propagating along the growth direction.
composition isM1—M2—=C1A1—C2A2, where A and  More generally, there should be a strong motivation for
C stand for the anion and cation species. Interfaces amnding some way of including the local symmetry prop-
formed withA1C2 andA2C1 bonds, respectively. Forin- erties into thek-p theory, which is known as an excellent
stance, an InP-InGaAs-InP quantum well involves a virfirst order approximation and allows flexible and conve-
tual half monolayer of GalnP (InAs) at the first (second)nient calculations of various quantum well configurations
interface. A now accepted consequence is that interfacand their perturbation by external fields. The purpose of
dipole contributions to the band offset differ at thfd -2 this Letter is to introduce an original method incorporating
andM2-M1 interfaces. Such band offset noncommutativ-these effects in the envelope function theory. This heuris-
ity has been evidenced in the (InGa)As-InP [1] and InPiic model, generalized to the situation where an asymmet-
(Alln)As [2] systems grown along the (0, 0, 1) axis, andric external potential is added to the heterostructure poten-
shows fair agreement with theory [3]. A more subtle con-tial, leads to the prediction of a novel “mesoscopic” opti-
sequence, illustrated in Fig. 1, is the anisotropy associategh| nonlinearity with thex's, symmetry, the longitudinal
with the fact that, at tha71-M 2 interface theC1A1 bonds “quantum confined Pockels effect.”
all lie in the (—1,1,0) plane while theA1C2 bonds lie In the zinc-blend structure, each anion is surrounded
in the perpendiculat+1, 1,0) plane. This anisotropy is py four cations, the corresponding chemical bonds be-
not compensated at the other interface because the chefg along the four (1,1,1)-type directions (see Fig. 1).

ical bonds themselves are different. Hence, the growtltiearly, the classical crystal axis of the (0,0,1) type
axiszis not a fourfold rotoinversion axis anymore, which gre not representative of the local arrangement of
allows some polarization anisotropy for light propagatingchemical bonds. For systems grown along the (0,0,1)
alongz. In the language of group theory, heterostructuresixis, the M1-M2 interface is the lastil plane of the
with one common atom belong to th&,, point group, 71 layer, and theM2-M1 interface the lastd2 plane
while those with no common atom belong to the lowerof the M2 layer. We define a monolayef-A-C’ as
symmetry C;,, group [4]. However, this obvious struc- the anion plane and surrounding bonds on each side.
tural anisotropy does not lead to in-plane anisotropy of

the electronic structure and optical properties within the Co Co o ~Cp
standard envelope function theory [5] which, as a rule, ne- >, -,
glects any effect occurring at the scale of a host lattice
constant. Conversely, these polarization dependence ef-
fects should naturally appear in tight-binding calculations
of the optical properties, since such calculations take into
account the full symmetry properties [4,6]. Yet, to the best
of our knowledge, optical anisotropy for zinc-blend het-
erostructures grown along (0,0,1) have not been thoroughly
discussed in the literature, except for the small effects
observed in the rather peculiar situation of GaAs-AlAs typer|G. 1. Scheme of the chemical bond geometry in the zinc-
Il interfaces [7]. In contrast with the negative prediction blend crystals.
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Choosing anion planes rather than cation planes as a M1 T M2 | M1
reference is of course arbitrary, but physically consis- . 21202A2 1 4

tent with the fact that epitaxy usually proceeds with ! (@)
anion-saturated surfaces. The general idea of our model

is to attach to each monolayer operatdts (j = 1,4)
projecting the X, Y, and Z orbitals onto the actual (b)
bond directions. We defing) = %I *(X+Y)+ 2), 5

%I = (X —Y)— Z), and P; = |j)(jl. Pairing these
four operators gives two operatoB and F projecting
on the “backward” and “forward” bondsB and F ma- Z) (c)
trix elements in theX, Y, Z basis are(i|B or F|i) = %
(XorY|B|Z) =(X orY|F|Z) = 0, (X|BlY) = —>,
and (X|F|Y) = % As B + F = identity, the usual
envelope-function valence band potential in an arbitrary
system may be written aBow(z) + Vexi(z) = V(z) =
¢(B + F)V(z€)h(z — z£), where h(z) is equal to 1
in the[—a/4, +a/4] segment and zero outside, and the
summation runs over the anion plane positigps This
manipulation does not carry any physical meaning unlesglG. 2. The succession of cation and anion planes for a
we consider a potential having no inversion symmetryheterostructure grown along (0,0,1) (a), the associated envelope
(for instance electrostatical) or a valence band disconﬁépn‘itéogf%ogen”éig' (()b)e’rgpo(?’sth(i)COgilslf?gdé?gs{]%%ietfggtgio;nin
tinuity corresponding to an interface. Ir_ldeed, In th(f"S(:‘(eIectrostatical poter?tial: envelope functio¥1 potential (d) and its
cases, the Backward and Forward chemical bonds diffeg andF operators representation (e).
or experience different polarizations, which breaks the
fourfold rotoinversion invariance around theaxis. In
other words, the (1,1,0) and-1, 1,0) directions are no
longer equivalent.

The induced anisotropy can be introduced in the theor

by writing V(z) =2€{V(z€) — (a/4)dV /dz}h(z — z€)B

(arb. u.)

HOLE ENERGY

B F

M (d)

M (e)
B

rapidly varying perturbation will affect only the atomic
part of the wave function, which contrasts with the tradi-
tional situation of slowly varying perturbation potentials
%ffecting only the envelopes. In the following, for the

_ / sake of simplicity we restrict the algebra to the basis,
+{V(z0) + (a/4)dV/dz3h(z — zOF.  This amounts i.e., to the heavy- and light-hole statds- = |3/2,=3/2)

to associate to eachalf monolayer the corresponding and L+ = [3/2,+1/2) [9]. Generalization to the
average potential. Similarly, in the case of a composi-fuII 3 ><_8 K - p’ _Hamiltonién is straightforward. One
tiolnal disgongnuity invol¥i?rg@f411-Al-({‘2'n]o‘r;olayﬁlr,t;[he easily checks thaB and F have diagonal matr'ix ele-
\;?f:&((:e?j t(??hd??rzggét%r and thartn(?fe'}dqu(Ai)rxvallterizl ments all equal to} and in addition off-d.iagonal matrix
(V'2) to the F operator. These rules form a minimum éléments (H+|FIL—) = (H—|B|Lt) = i/23 and
model including the local symmetry effects and their<H—|F|L+> = (H+|B|L-) = —i/2/3 which introduce

necessary proportionality to the potential asymmetry@ coupling between the heavy- and light-hole states. As

The sequence of-A-C' monolayers in the presence of discussed below, this results in a polarization anisotropy
the external potential..(z) is fully described by the of the optical properties. The perturbation matrix element

succession o8 and F operators with their associated IS Muv = (fi,ul8H|fvv), wherei (j) is a subband
potentials, as sketched in Fig. 2. It is clear that théndex andu(v) = H=, L*. In the spirit of the envelope
classical envelope function description is recovered if ondunction formalism, the envelope are slowly varying at the
replaces the operato andF by (B + F)/2 = % and scale ofa/2, which allows a factorization of the integrals.
ignores the peculiarities of the interface chemical bonds!n the cases of a slowly varying potentidl,(z) or a
The differences between the present Hamiltonig C1-A1-C2 interface, respectively, we straightforwardly
and the envelope function Hamiltoniai, are actually get

small and rapidly varying at the scale of the envelope i ; ;

functions. These are converging reasons for treating these My = {(a/“)ffu(Z)f'v(Z)avext/aZ dz}
differences in a perturbation scheme. More precisely,

the perturbation SH = Hzr — Hy can conveniently X (ul|F — Blv), 1)

be diagonalized in a truncated set of solutions Hy. Lo ; ;

Reminding that the total wave functioli is the product Myl = (a/2)f,z)fy @)

of a slowly varying envelope functiofi(z) by a rapidly X {[Vy = (Vi + V2)/2{ulFlv)
varying atomic-like Bloch function:(r) (more precisely,
spinors built with such products) [4,5], it is clear that the + [V = (Vi + Vo)/2]{ulBlv)}.  (2)
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The perturbation matrix has diagonal elements producrespectively. The first one is

ing small shifts of the valence band energy levels, which

we shall ignore in the following. To illustrate the ef- H1 + h*k?/2my Mpyir- 3
fects of the off-diagonal terms, i.e., the “mechanics” of My L1 + h%k?/2my (3)
the model, we restrict the basis to thd = andL1= lev-
els, and we describe the in-plane motion within the
agonal” approximation where the in-plane dispersions ar
parabolic with masses [10h}; andmy. Although it is

«gj.and the second one differs by the sign of the off-diagonal
term, My—r+ = —Mp+. We have chosen the “hole
energy” notation with positive confinement energies and

a crude approximation of the valence band structure, if)-Plane masses. The corresponding eigenfunctions are
has been proved that the diagonal model is quite sufficienf 12 = @1.2/ulH +) + biaf1|L-). Optical transitions to
to calculate accurately the band to band absorption spe£l€ first conduction subband induced by a photon propa-
trum [6,11]. In addition, valence subband mixing by the9ating parallel to the axis and polarized at an angée

Luttinger matrix does not produce the optical anisotropyVith respect to the (1,0,0) axis can easily be calculated.
effects which we are looking for. Thex 4 Hamiltonian AS €xpected, the absorption spectruithv, §) is polar-

matrix separates in two nearly identicalx 2 matrices |Zation dependent. Asfy, (henceb, anda,) are pure
corresponding to thé/ 1+, L1— andH1—, L1+ subsets, imaginary, we have, using the notatioms= a:{ f&lfn),

| b; = bi{ felfL):

A/Ao = {a} + 51,1 — 2/V3)a,lb,| sin26}Y (hv — (Eg + E1 + H'1))

+ {la,* + b3 + (2/3)b,la,|sin26} (ut /i)Y (hv — (Eg + E1 + L')), (4)

where Y(x) is the step functiondy = 6 X 1073N,, is | polarization spectrum is clearly equal to thHél-L1
the absorption by the/1-E1 transition calculated in splitting. As for the value of the polarization rate, the
the diagonal approximation, and/, the number of observed? = 11% in a 108 A InGaAs-InP quantum well
quantum wells. ,uﬁ,(L) is the in-plane reduced mass agrees with the present prediction if offset asymmetry
for the corresponding electron-hole pair, aftll and and residual strain in the sample are taken into account,
L) are the eigenenergies of Eq. (3). When derivingand an interface potential value efl eV is retained.
Eqg. (4), we have assumed th@#y;| remains small This is an enormous effect, comparable with the optical
compared to théd./1-H'1 energy separation in the energy anisotropy of quartz.
range of interest. In these conditions, the polarization This model does not contain any fitting parameter and
rate at the absorption edge is immediately obtained bits quantitative comparison with experiments is a crucial
the perturbation formula aB = (Amax — Amin)/(Amax + test. In practice, however, the band offsets between the
Amin) = Q/3) Cfelfo)/{Felfa) Myl /(L1-H1). “virtual” interface materialsC1A2 andC2A1 and the het-

In practice, solutions of Eq. (3) forLl — H1 =  erostructure host€1A1 and C2A2 are not known with
32 meV and My, | = 0.74 meV give the polarization sufficient accuracy, and the effect of an external electro-
spectra shown in Fig. 3. It is seen that a significantstatic field would be an even better test. Evaluation of
absorption anisotropy appears in the spectral range bé&q. (1) withV(z) = eFz and the parameters of a GaAs-
tween theH1-E1 and L1-E1 transitions. In this energy
range, the absorption is larger (or smaller, depending
on the sign ofMy;) for a photon polarization along
(1,1,0) than for a polarization alon¢—1,1,0). This
linear dichroism also implies, via the Kramers-Kronig
relations, a birefringence in the near band-gap region.
Detailed comparison with experimental data is out of the
scope of this Letter, but we note that these predictions
are in close qualitative agreement with the observations
reported recently by Seidalt al. for InP-(Alin)As type
I multiquantum wells [8], and may also explain the | | |
surprising result that blue-light vertical-cavity surface 40 860 880 900 920
emitting lasers based on no common atom II-VI quantum PHOTON ENERGY (meV)

wells are always strongly polarized along thel, 1,0) ) , o
direction [12]. More recently, these effects have beer!C: 3. Absorption spectra for various polarization angles
! a) and associated polarization spectrum (b). Calculations are

studied in InGaAs-InP type | quantum We”S_ [13], and thefor a supposedly symmetrical 100 A GalnAs-InP quantum well
results also show complete agreement with the presenyith a1, = 0.74 meV, which corresponds tdV; + V|) —

considerations. In particular, the width of the observedVv, + V,) = 1 eV.
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AlGaAs 100 A quantum well gives a polarization rate ENS is Unité de Recherche Associée au CNRS et aux
P = 4% for F = 50 kV/cm. Yet, the effect associated Universités Paris VI et Paris VII. This work is supported
with Eq. (1) is only the polarization of chemical bonds inin part by the IT OFCORSE program of the European
“bulk” of the host layers. The electric field has anotherCommunity.

effect which is the deformation of the classical envelope

functions, known as the “quantum confined Stark effect.”

This deformation affects moderately the overlap of the

heavy- and light-hole envelopes appearing in Eq. (1), but

changes drastically the respective weights of ¥the- M2

and M2-M1 interface terms [Eq. (2)] which are directly

sensitive to the values of the envelopes at the interfaces[1] J.P. Landesman, J.C. Garcia, J. Massies, P. Maurel, G.
In the regime where the energy shifts associated with the  Jezequel, J.P. Hirtz, and P. Alnot, Appl. Phys. L&,
quantum confined Stark effect are quadratic, the latter ef- 1241 (1992).

fect is linear inF. In the case of common-atom quan- [2] E. Lugagne-Delpon, J.P. André, and P. Voisin, Solid State
tum wells, the two interface contributions obviously can- _ €ommun.86, 1 (1991).

cel each other af = 0, and should be revealed At 0. [3] Y. Foulon and C. Priester, Phys. Rev.4B3, 6259 (1992).

. . I . C. Priester, J. Phys. lll (France), 481 (1991), and
For instance, adding the two contributions gives a polar- references therein.

ization rate P = 1.4% for a 100 A GaAs-AbsGaAS (4] p.L. Smith and C. Mailhiot, Rev. Mod. Phys2, 173
quantum well under a 50 ki¢m electric field. Alto- (1990).

gether, these effects and their consequences on the opticg$) G. Bastard,Wave Mechanics Applied to Semiconductor
index in the transparency region form the quantum con-  Heterostructures(Les Editions de Physique, les Ulis
fined Pockels effect [14]. This is a large second order  Cedex, France, 1988).

optical nonlinearity, specific to quantum well structures, [6] Y.C. Chang and J.N. Schulman, Phys. Rev3E 2056

, @) - - (1985):31, 2069 (1985).

and having th&Xxyz symmetry. This effect contradicts the 19

classical envelope function results [15] where such terms!’] aggzc;urdon and P. Lavallard, Phys. Rev. 45, 4644
are forbidden. y

. . . . [8] W. Seidel, J.P. André, and P. Voisin, in Proceedings of
In conclusion, we have introduced a simple theoreti- *~ no 7¢h International Conference on Semiconductor Struc-
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heavy- and light-hole mixing ak, = 0 in no common and L— = —(1/v/6)[(X — iY) 1 +2Z |]. Note that we

atom heterostructures. These are promising and stimu- are dealing with on-site atomiclike orbitals rather than

lating results, supported by recent observations [8,12,13]. true Bloch functlons .wh|ch are the sum of these orbitals

Yet, the present approach is essentially heuristic and muﬂ over four equivalent intracell sites.

be confirmed by a comparison with a more complete the 0] If the effective mass differences between _the hosts can
. oo . . be neglected, these in-plane masses are simply related to

ory. Tight-binding calculations should allow thasposte- the confinement mass@s;, ,, By mly = 4miymi /(3mj +

riori justification, as they can naturally take into account my) andm’, = dmim; /(;i% +omi).
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