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The effects of biaxial compressive and tensile strain on the excitonic resonances and
associated changes in refractive index and electro-optic effect in quantum wells have been
calculated and measured. Theoretical calculations include the important
heavy-hole-light-hole band mixing effects. It is seen that the excitonic contributions
dominate near the band edge. With increasing compressive strain the linear electro-optic
effect is slightly increased, while the quadratic effect is greatly enhanced. The effects are

reversed in quantum wells under tensile strain.

I. INTRODUCTION

The electro-optic properties of quantum wells are very
different from that of single-layered materials. In a quan-
tum well the valence band degeneracy is removed and this
causes changes in the optical absorption. With the appli-
cation of a transverse electric field, excitonic transitions do
not disappear as in bulk materials but persist up to high
fields. There are also changes in the energy eigenvalues of
the quantum well and the coupling of electron and holes in
the subband with the same quantum number are reduced.
Theoretically, it has been shown, by considering only
band-to-band transitions, that there is a large refractive
index change for the TE mode in a multiple quantum-well
(MQW) structure, resulting in a large electro-optic coef-
ficient.! Experimentally, it has been observed that the qua-
dratic electro-optic effect becomes dominant as one ap-
proaches the excitonic edge.?

Biaxial strain in quantum wells changes the energy
separation and coupling between the heavy hole (HH) and
light hole (LH) excitonic transitions. In the case of com-
pressive strain, the HH absorption dominates the absorp-
tion edge, while in the case of tensile strain the light hole
absorption dominates. Since the TE mode couples to the
HH while the TM mode couples to the LH, this HH-LH
splitting is expected to play an important role in determin-
ing the electro-optic properties. The effect of biaxial strain
on the electro-optic effect in quantum wells has not been
investigated in detail, both theoretically and experimen-
tally, other than some preliminary experiments® on
InGaAs/GaAs MQW.

In this paper, we present calculated and measured data
on the effect of biaxial strain on the excitonic resonances of
quantum wells and consequently on their electro-optic
properties. Measurements are carried out on molecular-
beam epitaxial (MBE) In,Ga; _ ,As/Aly,GagsAs MQW
structures and Ing sy ,Gagsr+,As/InGaAsP  quantum
wells grown by metalorganic chemical vapor deposition
(MOCVD). The phase shift is measured as a function of
applied bias in waveguide electro-optic devices. It is seen
that at fixed bias the phase shift increases with compressive
strain and decreases with tensile strain. As will be evident

4071 J. App!. Phys. 69 (7), 1 April 1991

0021-8979/91/064071-04$03.00

later, this occurs primarily due to the changes in the
LH-HH separation and not due to changes in the Stark
effect in the strained quantum wells.

Il. ELECTRO-OPTIC PROPERTIES OF
PSEUDOMORPHIC QUANTUM WELLS

To model the optical properties of semiconductor
quantum wells it is important to include the strong cou-
pling between the heavy hole (HH, |3,%3)), and light hole
(LH, |}, +3})) states; the conduction band may be treated
in the parabolic approximation. We account for the va-
lence band coupling by using the 4 X4 k'p Hamiltonian.*
The effect of strain is incorporated by including a splitting
8 between the light and heavy hole diagonal elements. For
In,Ga, _,As grown on GaAs and Ings;.,Gagss_  As
grown on InP it is given (in eV) by 8 = — 5.966¢, where
the lattice mismatch € is related to the excess In composi-
tion x by €= — 0.07x.> This splitting reduces the off-
diagonal mixing between the HH and LH states and
changes the effective masses of the holes. In addition, the
strain-induced splitting dramatically changes the difference
between the light and heavy hole subband energies. We
solve the Hamiltonian in the presence of strain and electric
fields by using a finite difference numerical technique.® We
also solve for the electron states in the presence of fields
and compute the transition energies. We see that the elec-
tric field shifts both the light and heavy hole transition
energies quadratically (the quantum confined Stark effect).
In addition, we see that the strain strongly affects the zero-
field transition energies for heavy and light holes. In the
lattice matched case the light hole bandgap is slightly
larger than that of the heavy hole because of the larger
quantization energy associated with its lighter mass. The
application of compressive strain, though, greatly increases
this separation; applying tensile strain reduces the light
hole energy below that of the heavy hole. The splitting
strongly influences the optical properties because of the
polarization dependence of the selection rules applying to
optical transitions. TE mode (X polarized) light couples
three times more strongly to HH states than to LH states
and TM mode (Z polarized) light couples only to the LH
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FIG. 1. Schematics of (a) InGaAs/AlGaAs quantum wells grown by
molecular-beam epitaxy, and (b) InGaAsP/InP quantum wells grown by
metalorganic chemical vapor deposition.

states;” growth is done in the z direction. Hence, the sepa-
ration: between HH and LH states will strongly affect the
absorption spectra and the associated birefringence. After
obtaining the bandstructure we calculate the excitonic
binding energies and oscillator strengths via a nonvaria-
tional numerical technique.®

To determine the effect of strain and electric fields on
the refractive index, we apply the Kramers—Kronig trans-
form to the absorption spectra, yielding the result

c « a(w)dw
nlwg) —1=~P o (1

where wyg is the frequency of the incident light.® We find
that the excitonic effects dominate the electro-optic effect
when the input light energy is close to the band gap. In the
results shown only the excitonic effects are included. Band-
to-band effects are much smaller.

IH. RESULTS AND DISCUSSION

Experiments were performed with In,Ga,_ As/
Aly,GaggAs (0 x<0.09) MQW p-i-n structures grown
by MBE to study the effect of compressive strain.
Ing 53 xGag 47+ ,As/InGaAsP MQWs, grown by MOCVD,
were used to measure the effect of compressive and tensile
strain. Schematics of the two types of structures are shown
in Figs. 1(a) and 1(b), respectively. The thickness of the
MQW region is chosen such that it remains in the pseudo-
morphic regime. The effect of the strain should therefore
be only on the well region of the MQW.
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Ridge waveguides with contacts on the substrate and
top p* layers were fabricated using photolithography and
ion-milling techniques. For modulation measurements 2~3
mm long waveguides were cleaved along the [011] and
[011] crystallographic directions. The InGaAs/AlGaAs di-
odes have leakage currents of 100 nA at — 10 V and re-
verse breakdown voltages of ~20 V in the dark. The
InGaAs/InGaAsP diodes have leakage currents of 100 uA
at — 4 V and reverse breakdown voltages of ~6 V in the
dark. The optical measurements were done with two
sources: a Ti:sapphire laser with A = 0.845-0.946 um for
the InGaAs/AlGaAs system, and a Burleigh Color Center
laser with A = 1.48-1.67 um for the InGaAs/InGaAsP
system. The laser light was end-fired on to the cleaved edge
of the waveguides through an objective lens. The near field
pattern at the output of the waveguide was focused on to a
silicon or germanium detector through an analyzer. For
electroabsorption measurements, the output, with the an-
alyzer adjusted for maximum transmission, was recorded
for different applied bias for input polarizations both par-
allel (TE) and perpendicular (TM) to the layers. For
phase modulation measurements the waveguide was ex-
cited with a polarization oriented at 45° to the direction of
the applied electric field to equally excite both TE and TM
modes in the guide.

We have fixed the energy difference between the
excitation and the excitonic peak to be ~90 and 15 meV
for the In,Ga, _ ,As/Aly,GagsAs and the
Ing 53 ,Gag 47+ A8/InGaAsP systems, respectively. By
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FIG. 2. Experimentally measured (points) and theoretically calculated
(lines) values of An as a function of applied electric field in the
In,Ga, _ ,Al/Aly,0Gagg0As MQW system. The different curves are for
varying amounts of strain in the well,
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TABLE 1. Measured linear and quadratic electro-optic coefficients in
In,Ga, _ ,As/Al,,GaggAs strained MQW.

A AE ¥e3 R33 ~Ry3
x (um) (meV) (10~ 2 m/V) (10~ ® m*/v?)
0 0.8965 92 1.08 3.48
0.03 09215 100 1.09 9.09
0.06  0.9345 89 1.10 15.54
009  0.9460 77 1.29 34.40

fixing this energy separation, we can extract the effect of
strain on the electro-optic coefficients. The electro-optic
coefficients 7¢; and (R3; — R;3) were obtained by compar-
ing the measured phase changes with the calculated values
according to:®
TrnﬁL — —
Ao =7 [£Tre £+ TRz — Ri3) Ef]

-+ A(Do, (2)

where n) is the average refractive index in the multilayer
for polarization parallel to the layer, E; is the average
junction electric field, I'y and I', are the overlap factors of
the optical mode with the junction electric field and the
square of the junction electric field, respectively, and L is
the length of the waveguides. The built-in birefringence in
the MQW, Ad, can be expressed as:

21
Ao (Bre — ) L=bnL( 7 ). 3)
where
An=(n”—nl). (4)

The values of I'; and I', in our samples are 0.12 and 0.15,
respectively. Variations of I'| and I', with wavelength are
assumed to be small and the junction electric field is as-
sumed to be constant. The values of the linear and qua-
dratic electrooptic coefficients obtained by fitting the data
to Eq. (2) are given in Table I for the InGaAs/AlGaAs
samples. The values obtained for the InGaAs/InGaAsP
system are listed in Table II.

For both quantum-well systems, the data indicate an
increase in the electrooptic coefficients with the use of com-
pressive strain. The major change, though, is manifested in
the quadratic electro-optic coefficient R3; — R;;. In addi-
tion, the data for the Ing,sGagssAs/InGaAsP system
shows a decrease in the electro-optic coefficients.

We have theoretically formulated the changes in the
refractive index due to strain and find that our experimen-

TABLE II. Measured linear and quadratic electro-optic coefficients in
Ings; , «Gagar - As/InGaAsP strained MQW.

A Te3 Ryu— Ry,
x [zm] {10~ m/V) [10~ °m%/V?]
—0.08 1.584 2.83 146
0 1.65 3.74 282
0.07 1.67 4.10 389
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FIG. 3. Phase difference between Te- and TM-like modes for propagation
in the [011] direction in the Inys; . Gagyy _ ,AS/InGaAsP system.

tal results are in agreement with both the calculated values
and values obtained by others.!®!! Figure 2 shows the ex-
perimentally measured data and the theoretically calcu-
lated results for the InGaAs/AlGaAs system. The lines
shown in Fig. 2 are obtained from a theoretical model,
while the points are obtained from!°

An= —ind[raE + (Ry; — Ry3) E2]. (5)

We feel that to the first order our theoretical model closely
resembles the trend we see in the data. Figure 3 shows the
measured phase change as a function of applied field for
the InGaAs/InGaAsP systems. We do not show a theoret-
ical fit in Fig. 3 because our model does not converge well
when modeling the refractive indices when the incident
light is so close to the band edge (~ 15 meV).

1V. CONCLUSION

We report the effect of strain on the refractive index of
InGaAs/AlGaAs and InGaAs/InGaAsP MQWs. The ex-
perimental data show that it is possible to slightly tailor the
linear electro-optic coefficient, 43, while drastically chang-
ing the quadratic electro-optic coefficient, R3; — R3, with
the use of compressive and tensile strain. The theoretical
formalism shows good agreement with the experimental
data.
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