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are the numerical results. For the TM waves, the difference
between the results produced by H and E formulations is
very small, thereby the two methods are practically equiva-
lent. As an example for the three-dimensional structures, we
calculated the field patterns of the fundamental H {1 mode of
a square channel waveguide. The refractive indices of the
core and the cladding are n, = 1.5 and n, = 1.3, respec-
tively. The width and the height of the core is w = £ = 1
pm. The wavelength is A = 1.5 um. The window sizes are
3 X 3 um and the total number of points are 51 x 51. The
dominant H, and the associated H, components are shown
in Fig. 3(a) and (b). The hybrid nature of the mode in the
channel waveguide is clearly illustrated. In comparison with
the field patterns for the transverse electric fields [9], the
transverse magnetic fields are seen to be continuous all over
the cross section. '

In conclusion, a formulation based on the transverse elec-
tric fields for the vector beam propagation method is pro-
posed and presented. It is shown that the FD-VBPM based on
the H formulation is equivalent to that based on the E
formulation. The FD-VBPM based on the magnetic fields
may be used for the modeling and simulation of the vectorial
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wave propagation in a wide range of practical optical
guided-wave structures.
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Propagation Characteristics of GaAs/AlGaAs
QW Ridge Waveguides

V. R. Chinni, C. R. Menyuk, and Y. J. Chen

Abstract—A method is presented which allows us to accu-
rately determine geometric effects in QW devices. Finite element
methods have been used in combination with perturbation tech-
niques to determine the propagation characteristics of a single
QW GaAs/AlGaAs ridge waveguide. The attenuation coefficient
and phase shift are evaluated for both TE and TM polariza-
tions. The results show that a simple slab model overestimates
the attenuation and phase change for wavelengths smaller than
the excitonic resonances of the QW and underestimates them for
larger wavelengths.

INTRODUCTION

THERE is a growing interest in quantum well waveguides
and other associated optoelectronic devices such as
lasers, modulators, and switches. Lateral confinement of the
mode is produced in such devices by etching the top layer
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and thereby producing a ridge structure. The ridge also
determines the propagation constant and mode field distribu-
tion across the guide. The effects of a QW in waveguides
with simple geometries can be calculated with a simple model
[1] but waveguides with more complex geometries require
more detailed calculations. The electric field experienced by
the QW layer due to voltage applied across the waveguide
will be nonuniform because of the presence of the ridge.
Therefore, the guided wave experiences different perturba-
tions at different lateral positions of the QW, and the total
absorption and phase change depend upon the waveguide
geometry.

In this letter a method is presented which includes the
geometry of the waveguide to determine excitonic contribu-
tions to the principal propagation characteristics— the phase
change, the birefringence, and the attenuation coeflicient—as
a function of voltage across the waveguide.

DESCRIPTION OF THE METHOD

A finite element method has been used to determine the
propagation constant and mode field distribution of the ridge

1041-1135/91$01.00 © 1991 IEEE
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waveguide for both TE and TM polarizations in the absence
of the QW. The effective index method yields an approximate
propagation constant, but the accuracy is limited. Also, the
mode field distribution cannot be accurately obtained. The
scalar finite element method [2] has been chosen since it is
far simpler to implement, less troubled by spurious modes,
and is computationally less intensive than the full vector finite
element method, while yielding propagation constants which
are nearly identical except near cutoff. The scalar approxima-
tion for the HE mode is found by minimizing the functional

ad)z aqbz 2,242 2,2
L=//[(5) +(5) - kin* +5¢}ds (1)

and the scalar approximation for the EH mode is found by
minimizing the functional

1 3¢ \? 1 d¢ 2 B2
L= 7 2 2.2
//[(nax +(n8y) +n2¢> k0¢]d5

)

where ¢ is the scalar field, n is the index of refraction, x
and y are the coordinates transverse to the mode propaga-
tion, k, is the vacbum wavenumber, and 8 is the propaga-
tion constant for which we are solving. Discretization of (1)
and (2) yields the finite element equations [2].

A finite element code has also been used to evaluate the
electrostatic field distribution. It calculates the electric field
inside the waveguide, given the imposed voltage, from which
the parallel and perpendicular electrostatic fields at the quan-
tum well can be computed. The electric field dependent
parameters of the quantum well can then be evaluated.

Quantum well devices use the presence of strong excitonic
resonances at the band edge. These resonances shift to longer
wavelengths while remaining resolved as the electrostatic
field increases perpendicular to the QW layer. This shift has
been called the quartum confined stark effect. It was first
seen and explained by Miller ef a/. [3] and subsequently
modeled by others [4], [5]. The dielectric function of the
GaAs QW layer [6] at a photon energy w, near the 2-D band
edge is

eqw(®) = eg(w) + 4mBy 0} /(0}y — o — iwly)

+4mB 0} [(w] — W — iwl))

3)
where the first term, eg(w), is the background dielectric
function of the GaAs QW layer in the absence of excitons,
and the other two terms are the heavy-hole and light-hole
excitonic dielectric functions given in terms of the Lorentzian
oscillator model. The quantities w, and T, are the excitonic
energy and linewidth and . is the oscillator strength of the
exciton where x = H or L refers respectively to the heavy
and light holes.

The excitonic energy w, and hence the peak absorption is
assumed to vary quadratically with an increasing perpendicu-
lar electrostatic field across the QW in accordance with
experimental results [6]. The change in the parameters due to
parallel electrostatic fields arising from the geometry of the
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Fig. 1. Cross section of the GaAs/AlGaAs ridge waveguide structure. The
dashed line shows the position of the quantum well which is 100 A. The
dimensions chosen are w = 3.0 um, d = 1.1 pm, b= 1.4 pm, t = 0.2
pm, and @ = 0.3 um. The Al concentration in different layers of Al ,Ga,_,As
layers is shown. The regions of applied voltage are shown as dotted lines.

waveguide were also considered along with the perpendicular
fields to evaluate the quantum well effects. The effects of the
parallel fields are linearly extrapolated from the experimental
results of Miller et al. [3] over the entire range of electric
field strengths.

The change in the propagation constant of the ridge wave-
guide due to the electric field induced changes in the refrac-
tive index of the thin QW layer has been calculated perturba-
tively using the following equation [7]:

L/ ¢*on’edsS

6% =k 4
o[ ds 4)

RESULTS

The ridge waveguide geometry which we studied is shown
in Fig. 1. The depth of the ridge is chosen to give single
mode operation and good confinement of the mode in the
ridge region. We assume that the ridge is highly conducting
so that the voltage from a metallized strip on top of the ridge
is applied at the bottom. The structure is assumed to be
grounded below the x = 0.5 layer at a depth of 0.8 um by a
highly conducting substrate. The effects due to free carrier
absorption is not included in the calculations. The following
parameters are assumed when (3) is used: 475LF = 0.00465,
47BTE = 0.00151, 47 BIM = 0, 4wBI™ = 0.00565, Ty, =
8.4 meV, and I', = 10.0 meV. The quantities wy and w,
have been determined from the width of the quantum well
and the Al concentration of the surrounding material.

Fig. 2 compares the absorption and the phase coefficients
obtained with the full mode analysis as outlined in the
previous section and a simple slab analysis. The comparison
in Fig. 2 is shown for 0.87 pm wavelength and TE polariza-
tion. The same comparison is shown in Fig. 3 for TM
polarization. Results that do not include the parallel electro-
static fields in the calculations are also shown. As can be seen
from the figures, the parallel field contribution is not signifi-
cant in this case, the reason being that the parallel
fields generated are small and are localized to small areas of
the QW. There is a slight reduction in the peak absorption,
which is consistent with previous results in slab wave-
guides [3].

Figs. 4 and 5 depict the calculated absorption and phase
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Fig. 2. Absorption coeflicient and phase change versus applied voltage for
the fundamental TE mode at 0.87 um wavelength. (a) (dashed line) Results
obtained from a simple slab model. (b) (solid line) Results obtained retaining
the full geometry. (c) (dotted line) Results obtained without considering the
effect of the parallel electrostatic field. The solid and dotted lines are nearly
coincident, indicating that the parallel electrostatic field has little effect.
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Fig. 3. Absorption coefficient and phase change versus applied voltage for Fig. 5. Absorption coefficient and phase change versus applied voltage for

the fundamental TM mode at 0.87 um wavelength. (a)-(c) are the same as in
Fig. 2.
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Fig. 4. Absorption coefficient and phase change versus applied voltage for
the fundamental TE mode at wavelengths of (a) 0.85 pm, (b) 0.87 pm, and
(c) 0.89 um.

the fundamental TM mode at wavelengths of (a) 0.85 pm, (b) 0.87 um, and
(c) 0.89 pm.

changes for TE and TM polarizations at 0.85, 0.87, and 0.89
pm wavelengths. The optimal wavelength to use in an inter-
ferometric switch or any device which utilizes the phase
change due to the QW would be 0.89 um as the voltage
required to alter the phase by a factor of two would not
introduce much attenuation.

CONCLUSIONS

In this letter, we have presented a method for calculating
the propagation characteristics of a ridge waveguide with a
QW layer. The approach we use allows us to disentangle
geometric effects from the physical effects due to the exci-
tonic resonances in QW. We find that a simple slab approach
overestimates the attenuation and phase change for wave-
lengths smaller than the peak absorption wavelength and
underestimates them for wavelengths larger than the peak
absorption wavelength of the QW. The approach we are
using shows great promise for determining the propagation
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characteristics in a wide variety of ‘‘band-gap engineered”’
devices.
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Alignable Epitaxial Liftoff of GaAs
Materials with Selective Deposition
Using Polyimide Diaphragms

C. Camperi-Ginestet, M. Hargis, N. Jokerst, and M. Allen

Abstract—In this letter we report the selective and alignable
deposition of patterned thin-film epitaxial GaAs/GaAlAs de-
vices onto a host substrate such as silicon for low cost, manufac-
turable hybrid integrated optoelectronic circuits, We use a thin
polyimide diaphragm as the transparent transfer medium for
these patterned epitaxial devices. Each of these devices or a
group of these devices on the polyimide is then optically aligned
and selectively deposited onto the host substrate. Using this
technique, a light emitting diode 50 X 50 um in area and 2 um
thick was grown on a GaAs substrate, lifted off, aligned and
selectively deposited onto a silicon host substrate, and electri-
cally contacted and tested. Using this method, the sparse distri-
bution of costly photonic devices or the deposition of aligned
arrays of devices to fabricate larger arrays without large area
growth of photonic devices can be achieved on a variety of
smooth host substrates.

INTRODUCTION

HE monolithic integration of gallium arsenide (GaAs)
photonic and electronic materials and devices with host
substrates, such as silicon (Si), glass, and polymers, will
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enable the fabrication of the next generation of optoelectronic
integrated circuits (OEIC’s). These OEIC’s are currently
costly and complicated to fabricate in comparison to silicon
integrated circuits. If conventional microelectronic process-
ing techniques could be used in the fabrication of such
OEIC’s, their cost would be reduced and their manufacture
would become more attractive to industry. In this letter, we
discuss an improved method for the alignment, selective
deposition, and interconnection of thin-film epitaxial GaAs
devices onto host substrates such as Si.

A standard technique for GaAs on Si integration is het-
eroepitaxial growth [1]. However, the crystal quality of this
material is often insufficient for many optical applications.
One integration method which seeks to preserve the. high
material quality of lattice-matched growth is the epitaxial
liftoff (ELO) process as described by Bellcore [2]. A thin
aluminum arsenide (AlAs) sacrificial layer is grown on a
GaAs substrate, and GaAs device epilayers are grown on top
of this AlAs layer. The GaAs lattice matched epilayers are
separated from the growth substrate by selectively etching the
AlAs sacrificial layer. These device layers are then mounted
in a hybrid fashion onto a variety of substrates. This ELO
material is very high quality [2] and is currently being used
for the integration of GaAs materials onto host substrates
such as Si, glass, lithium niobate, and polymers [2]-[5].

Although the Bellcore technique yields high quality mate-
rial, it has several problems, including the inability to align
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