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We show that large, linear electrooptic coefficients are expected in strained-layer superlattices
grown along the [111] axis. The linear electrooptic effects in these superlattices are due to the
large, piezoelectrically generated internal electric fields which occur in them. Such linear elec-
trooptic coefficients are not expected in lattice matched superlattices or superlattices grown along

[100].

Materials whose optical properties can be modulated by
application of an external electric field are valuable in the
area of optoelectronics. However, the magnitude of the
index-of-refraction modulation that can be achieved in
conventional electrooptic materials is rather small. Re-
cently, there has been considerable interest in the elec-
trooptic properties of superlattices because rather large
second-order electrooptic coefficients occur in these ma-
terials.'"% In this Rapid Communication, we predict very
large first-order electrooptic coefficients in strained-layer
superlattices grown along the [111] crystallographic axis.

It is now well established that strained-layer superlat-
tices can be grown with a high degree of crystalline perfec-
tion.”® For sufficiently thin layers, the lattice-constant
mismatch is accommodated by internal strains rather than
by the formation of dislocations. Group III-V and group
II-VI semiconductors are piezoelectric. Thus, strains in
these materials can lead to electric polarization fields. For
strained-layer superlattices with a [111] growth axis, the
orientation of the lattice-constant mismatch-induced
strains is such that polarization fields directed along the
growth axis are generated.!®!! Because one of the con-
stituent materials is in biaxial compression, and the other
is in biaxial tension, the signs of the electric polarization
vectors are opposite in the two constituent materials.
Thus, there is a nonzero divergence of polarization (a po-
larization charge) at the superlattice interfaces. These
polarization charges generate internal electric fields
directed along the growth axis and having opposite polari-
ties in the two constituent materials. The magnitude of
the electric fields can be very large, exceeding 10° V/cm,
for lattice-constant mismatches of the order of 1%.

The strain-induced electric fields can significantly
change the electronic structure and the optical properties
of the superlattice.'>!> For example, they change elec-
tronic energy levels and wave functions, and thus optical
transition energies and oscillator strengths. As is usual
with the Stark effect, these changes are second order in
the magnitude of the electric field. The internal, strain-
induced electric fields can be modulated by application of
an external electric field. The external field will be essen-
tially uniform whereas the internal electric field reverses
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polarity in the two constituent materials. Thus the total
electric field is increased in one constituent material type
and decreased in the other. In type-I superlattices, the
magnitude of the electric field in the quantum wells is
much more important than in the barriers. If the magni-
tude of the external field is small compared with that of
the internal field, changes in the superlattice electronic
structure and optical properties due to the external field
will be linear in the magnitude of the external field. This
situation corresponds to a second-order effect (Stark
effect) being modulated by the applied field about a large
bias point due to the strain generated internal fields. As a
result, a linear electrooptic effect is expected in [111]
growth-axis strained layer superlattices which have large
internal electric fields whereas a quadratic electrooptic
effect is expected in [100] growth-axis superlattices and in
[111] growth-axis lattice-matched superlattices which do
not have those internal electric fields.

We consider lattice-matched Gag47Ing 53As-Alg.as-
Ings2As and strained-layer Gag.47Ing 53As-Alg 7Ing 3As su-
perlattices grown along the [111] axis. The strained-layer
superlattice has the internal electric fields and the lattice-
matched superlattice does not. A [100] growth-axis su-
perlattice (strained-layer or lattice-matched) would not
have internal fields and would be qualitatively similar to
the lattice-matched [111] case. We consider superlattices
in which the Ga-containing alloy layers are half as thick
as the Al-alloy layers. Both the lattice-matched and
strained-layer case are type-I superlattices in which the
Ga alloy is the quantum well. For the strained-layer case,
the quantum well is in biaxial compression with a lattice-
constant mismatch of 1.5%. The strain-induced electric
field is 1.4X10° V/cm in the Ga alloy and half this value
in the Al alloy. We have previously presented electronic
structure and optical properties calculations for these su-
perlattices without an external electric field.'>!3 We use
the same calculational approach!4 and input parameters
here. For calculational simplicity, we approximate the to-
tal electric field by a field which produces a periodic po-
tential. The internal field alone has this property, but the
smaller external field breaks up the periodicity. The field
in the quantum well is correctly treated. The field in the
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barrier is adjusted to give the periodic potential. This ap-
proximation is appropriate for type-I superlattices in
which there is essentially no coupling between quantum
wells. This is the case considered here. The approxima-
tion is not justified for type-I superlattices in which there
is significant coupling between quantum wells. Analogous
approximations would not be justified in type-II superlat-
tices.

In Fig. 1, the variation of the HH,-C| transition energy
at the center of the superlattice Brillouin zone is shown as
a function of the magnitude of the externally applied elec-
tric field. (Here HH and C refer to heavy-hole and con-
duction subbands, respectively.) The external electric
field is applied along the [111] growth axis and has the
same sign as the internal field in the Ga alloy quantum
well. Results are shown for various layer thicknesses. For
the lattice-matched superlattice, the external field de-
creases the transition energy. The effect is larger for
thicker layer superlattices. The decrease in transition en-
ergy is essentially quadratic with the magnitude of the ap-
plied field. The sign of the applied field is not important
for the lattice-matched superlattice. For the strained-
layer superlattice, the external field adds to the strain-
induced electric field in the quantum well and decreases
the transition energy. The effect is larger for thicker-layer
superlattices. The decrease in transition energy is essen-
tially linear with the magnitude of the applied field and is
much larger than for the lattice-matched superlattice.
The sign of the applied field is important for the strained
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FIG. 1. Variation of the HH;-C, transition energy as a func-
tion of the magnitude of the applied field for Ga;-,In,As-
Al;-,In,As superlattices grown along the [111] axis. The su-
perlattice consists of M, layers of Ga,-xIn;As (wells) alternat-
ing with M, =2M, layers of Al,-,In,As (barriers).
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layer superlattice; for the opposite polarity to that in Fig.
1, the transitions will shift to higher energy.

In Fig. 2, the variation of HH,-C) transition energy is
shown. For the lattice-matched superlattice, this transi-
tion energy shows a complex nonlinear behavior due to
mixing of heavy-hole states by the applied field. For the
strained-layer superlattice, the strain-generated electric
field separates the heavy-hole state energies. The change
in transition energy due to the external field is essentially
linear for the range of fields considered.

In Fig. 3, we show the absorption coefficient and the
resonant contribution to the real part of the refractive in-
dex as a function of photon energy for strained-layer and
lattice-matched superlattices with 25 molecular layers of
the Ga alloy and 50 molecular layers of the Al alloy. Re-
sults are shown with no applied electric field and with a
40-kV/cm applied electric field. Transitions from the first
two heavy-hole bands to the lowest conduction band are
included. (Other transitions occur outside of the energy
range shown.) Exciton effects are included in these opti-
cal calculations. A scattering time (7';), which gives a
full width at half maximum of 6 meV, was used. For the
lattice-matched superlattice, the HH;-C; transition
strongly dominates the spectra with no applied field. (The
HH,-C, transition is very weak in this case.) As the
external field is applied, the HH,-C,; transition moves to
lower energy and loses oscillator strength whereas the
HH,-C, transition stays approximately constant in energy
and gains oscillator strength. For the strained-layer su-
perlattice, the HH,-C, and HH,-C, transitions are both
fairly strong with no applied field. The internal field has
caused the HH,-C, transition to be strongly allowed.
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FIG. 2. Variation of the HH,-C| transition energy as a func-
tion of the magnitude of the applied electric field for
Ga) -xIn,As-Al; -, In,As superlattices grown along the [111]
axis.
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FIG. 3. Absorption coefficient and resonant part of the refractive index with and without an applied electric field as a function of
photon energy for M, =25; M, =50 strained-layer and lattice-matched superlattices.

Indeed, it is even stronger than the HH;-C| transition. As
the external field is applied (the applied electric field has
the same sign as the internal field in the Ga-alloy quan-
tum well), both the HH,-C, and HH,-C, transitions
move to lower energy. The shift is larger for the HH;-C,
transition. Both transitions lose oscillator strength which
goes to higher energy transitions.

In Fig. 4 we show calculated electrooptic coefficients for
the strained-layer superlattice described above. The

coefficient r is defined by

|n(0) | 3rE
2

where n is the index of refraction and E is the applied
field. The index of refraction calculations in Fig. 3 were
used to construct the electrooptic coefficients presented in
Fig. 4. The total index of refraction which appears in Eq.
(1) consists of the field-dependent, resonant part shown in

n(E)—n(0)=— (1

’
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FIG. 4. Electrooptic coefficients as a function of photon energy for the M, =25; M, =50 strained-layer superlattice.
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Fig. 3 plus a field-independent, nonresonant part. We get
the nonresonant part by averaging the nonresonant indices
of refraction of the superlattice constituent materials. For
many electrooptic applications, the change in refractive
index or absorption coefficient divided by the zero-field
absorption coefficient is an important figure of merit.
Therefore, in Fig. 4, we also show

_ n(E)—n(0)

an/a 2(0) ’

and

Adja= a(E) —a(0)

2(0) ’
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for E=40 kV/cm as a function of photon energy. The
coefficients plotted in Fig. 4 attain very large values. For
comparison, in potassium dihydrogen phosphate, the
coefficient 7 is about 10 ~° cm/V.!?

In conclusion, we have predicted that large linear elec-
trooptic coefficients will occur in [111] strained layer su-
perlattices because of the internal, piezoelectrically gen-
erated electric fields in these superlattices.
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