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Abstract—A theoretical model is presented for investigating
AlGaAs/GaAs quantum-well (QW) vertical cavity waveguides
defined by impurity-induced disordering. This model is based on
a two-dimensional (2-D) description of the implantation profile to
produce quantum-well intermixing. The modal propagation con-
stant, power, and field evolution along the nonuniform circular
waveguide is analyzed in terms of the coupled-mode equation.
The influence of varying the mask dimension and length of
cavity on the fundamental mode operation is studied. In a
long cavity, guided mode can be supported by using higher
implantation energy, however, a larger mask diameter should
be used to maintain strong guiding. Result shows that optical
lateral confinement is accomplished, with more than 70% of the
power gathered in the cavity. The fraction of power confined in
the waveguide is shown to improve by 30% after annealing. In
addition, waveguide loss is estimated to be less than 40 cm�1

which results in less than 1 dB for our structure.

Index Terms—Diffusion process, ion implantation, optical
waveguide, propagation, quantum-well devices, quantum-
well interdiffusion, quantum-well intermixing, vertical cavity
waveguide.

I. INTRODUCTION

I N the past few years, vertical cavity devices using semi-
conductor multiple quantum-wells (MQW’s) have given

rise to a variety of novel devices, such as lasers [1], light-
emitting diodes [2], modulators [3], and photodetectors [4].
The use of vertical cavity is of great interest because of their
high packing density [5], low-threshold current [6], suitable for
parallel free-space optical interconnect [7], and most recently,
the blue-green light source for high density data storage [8].

The technique of impurity-induced disordering (IID) of the
QW composition between layers has recently been success-
fully adopted for carrier confinement in the vertical cavity
surface emitting laser (VCSEL) [9]. IID has conventionally
been used for tailoring the band-gap wavelength and optical
properties of MQW’s through intermixing of the alloy com-
position in the hetero-layers for the realization of a tunable
and high performance device [10]. Zn impurity-induced QW
intermixing allows a precise lateral modification of the op-
toelectronic properties of semiconductor QW structures in a
controllable and reproducible manner by using simple masking
and high temperature (850C) diffusion processed on a
planar substrate. The technique of ion implantation can serve
as a mean of accurate control to introduce the impurities
in the region where interdiffusion takes place. The damage
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introduced by ion-implantation can be recovered by thermal
annealing. The development of detailed modeling for the
IID defined vertical cavity waveguide is essential for the
understanding and ease in optimal design of this type of
devices. Although experiments have been performed on IID
defined vertically cavity for some time [11], studies on the
waveguiding properties are still lacking.

We investigate a vertical cavity structure that utilizes ion-
implantation to intermix the lateral circular boundary of
the QW region to achieve lateral optical confinement. A
three-dimensional vertical cavity model is developed for
AlGaAs/GaAs MQW’s. The three-dimensional (3-D) wave-
guide structure is converted to a two-dimensional (2-D) prob-
lem based on the azithumal symmetry. The inherent nonuni-
formity of the IID waveguide is analyzed with the method of
multilayer approximation [12]. The waveguide characteristics
such as propagation constant and power distribution for
different waveguide dimensions, annealing time, implantation
energy and operating wavelength are analyzed. The waveguide
structure is assumed to be transitionally invariant along the
propagation direction. Optical properties, except phase, are
thus considered to be invariant along the waveguide. Variation
of the optical properties due to the nonuniformity is accounted
for and the algorithm of coupled mode theory is adopted to
determine the behavior of the traveling wave. This paper
is organized as follows: in Section II, we present a self-
consistent model of vertical cavity waveguide with the effect
of implanted impurities, annealing and a 2-D wavelength
dependent refractive index profile taken into consideration.
In addition, the longitudinal and radial distributions of the
optical field are also considered. The results obtained are then
combined to determine the characteristics of the waveguide
properties, and which are presented in Section III. Conclusion
is presented in the last section.

II. M ODEL

The IID technique provides an efficient way to realize
waveguiding structure in photonic integrated circuit [13]. The
masked implantation process produces a modification of the
QW structure which in turn modifies its refractive index. This
creates a refractive index step between the implanted and non-
implanted regions and produces optical lateral confinement.
The present work is to develop a model for a 2-D waveguiding
structure perpendicular to the QW layers.

The structure to be modeled composes of layers of Al-
GaAs/GaAs QW on a thick Al0.3Ga0.7As buffer layer. The
schematic of the structure is shown in Fig. 1. In this model,
we use masked implantation to selectively inject impurities in
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Fig. 1. Schematic of the waveguide structure.

the outer perimeter to enhance the interdiffusion rate there.
After annealing (e.g., rapid thermal annealing), the QW’s in
the implanted region will intermix to a greater extent and
thus will have a larger band-gap and thus a lower refractive
index, so that a refractive index step is produced to create
lateral optical confinement [14]. Therefore a vertical circular
waveguide is formed. It should be noted that the refractive
index of the waveguide structure fabricated by such technique
is inhomogeneous, see Fig. 2.

A mask of radius is put on top of the as-grown structure,
as shown in Fig. 1. Ion implantation is used to inject the
impurity into the structure. Based on [15] and with the
assumption of circular symmetry, the distribution of ions
implanted , where represents the lateral direction,

represents the circular direction andrepresents the longi-
tudinal direction and growth axis, through a circular mask of
radius can be expressed by

(1)

where erf is the error function; is the implantation
dose of Ga ion; is the radius of the waveguide (including
core and cladder), see Fig. 1; is the projected range, and

are lateral radial and vertical standard deviations
respectively (note that all these three values are governed by
implanted ions, implantation energy and substrate material),
and denotes the expectation value. is independent of

due to symmetry.
After ion-implantation, the structure will be allowed to heat

under high temperature (generally 850C). While annealing,
the impurities with concentration will diffuse in all
directions. The instantaneous impurity profile at
any annealing time can be found by solving the heat
equation, which is given below, subject to the initial condition

Fig. 2. The approximation scheme for a nonuniform circular waveguide core
with a varying refractive-index profile along its propagation direction (z-axis).
A series of sections are shown, wherezc denotes the centre of each section
and �zc denotes its width.

(2)

The impurity diffusion coefficient is assumed to be
constant during the annealing process, hence, the diffusion
equation is linear. By a classical diffusion law, the diffusion
coefficient of Al is proportional to the local impurity density,
the corresponding interdiffusion rate can be described as

(3)

where is a constant factor. As a result, we can compute the
concentration profile of the Al by

(4)

As a result of the circular invariance of the impurity distribu-
tion, this equation becomes

(5)

Once this is solved, we can then match the impurities and
hence vacancy profiles with a specific diffusion length
through a QW interdiffusion calculation [16]

(6)

where is the concentration profile of a QW structure
with well width and is the initial concentration.
The diffusion length is defined here as and
which represents the extent of interdiffusion. Once we obtained
the matched , the refractive index can be obtained [17].
A 2-D refractive index profile can be constructed by
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calculating all the ’s for each subdivided cell (see Fig. 2)
in the waveguide.

For a weakly guiding waveguide, when the guide is lon-
gitudinally invariant, the circular symmetric field solutions of
the scalar wave equation can be separated for the transverse
and longitudinal parts; this corresponds to the

(linearly polarized) modes. Furthermore, if one of
these modes is launched with a given power, that modal
power will remain unchanged along the guide. However, the
waveguide core (index profile) considered in this paper varies
with the vertical propagating direction and radius, where
the LP modes are no longer independent solutions of the
corresponding scalar wave equation, i.e., modal powers do not
remain invariant. Therefore, the mode profile in a nonuniform
cylindrical waveguide is quite complicated. The propagation
constant depends on [12], i.e., guided mode may exist at
one end but under cutoff at the other end. One of the ways to
characterize the field evolution along these nonuniform guides
is by means of the coupled-mode equations [12]. This method
requires local expansion of the field in terms of a complete set
of modes. To construct the local mode fields, we approximate
the waveguide by a series of uniform cylindrical sections as
described in Fig. 2.

The refractive index profile is independent ofwithin each
section and is defined at the center, , of each section
where it coincides with the profile of the actual nonuniform
waveguide, i.e., . We approximate the fields
within the finite section by the modal fields of an infinitely
long waveguide with . This approximation can be
very accurate provided that the length of the sectionis
small compared to the largest length scale for the fields, as
discussed below. The electric field of theth local mode has
a separable form

(7)

within each section, where and are coordinates in the
waveguide cross section. The ’s are solutions of the vec-
tor eigenvalue equation, and is determined with the use of
multilayer approximation [18]. Although the field expressed
by (7) varies as the profile travels from one section to
another section, the power of a local mode must be conserved
along the nonuniform waveguide structure. This requirement
is automatically satisfied if we use the orthonormal forms of

, where for fields in each section,
i.e., replacing by in (7). As long as the local mode prop-
agates, its phase increases across each section by the product

of and the section of length . Consequently, the phase
at an arbitrary position along the nonuniform waveguide is a
sum of such products. However, the slow variation means that
the propagation constant varies only slightly from one section
to another. Hence, we can accurately approximate the phase
sum by in . To summarize, the local mode fields at
position are given by

(8)

Transverse mode of the circular waveguide can be expressed
in term of mode where and stand for the azimuthal and
radial orders of the mode. In order to consider the nonuniform
permittivity distribution in each section, we adopt the multi-
layer approximation to replace the actual graded-index profile
with a multistep profile for analyzing the guiding mode in
the waveguide. An error thus is deliberately accepted, the
effect of which is minimized when the average of is zero
in every layer. When the core profile is approximated with
layers, there are discontinuities at . The
Helmholtz equation can be expressed by the standard Bessel
functions and the modified Hankel functions of
order , and the electric field is expressed as shown in (9) at the
bottom of the page where and so that

and . The propagation constant is defined as

(10)

For a guided mode to occur, the propagation constant requires
to meet the following criterion:

(11)

Guided mode can be evaluated by considering the continuity
of and its corresponding derivative in (9). In other
words, the propagation constantof the guided mode
can be solved directly by using (9) and the derivative of this
system. Note that there is no guiding mode if no solution is
available for the above set of equations. Once we obtain the
guided mode propagation constant, the electric field profile can
be determined directly. The constant and can be found
by taking to be any arbitrary constant.

For a given refractive index profile, , the propagation
constant is calculated, where the corresponding confinement
factor or fraction of power in the core is given as

(12)

and is the area of QW layers under the mask.

...

...

(9)
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Fig. 3. The as-impurity profile (Implantation energy= 800 keV, mask
radius= 0.5 �m).

III. RESULT AND DISCUSSION

The properties of IID defined vertical cavity QW waveguide
are investigated based on the model developed here. The
circular waveguide structure to be analyzed here consists of
a region of diameter m (including a core of
diameter and cladder) and length of cavity m
(unless otherwise indicated) that consists of AlGaAs/GaAs
MQW layers with thickness 100̊A/100 Å. The effect of IID
to be studied includes variations of ion implantation energy
(400, 600, 800 and 1000 keV), operating wavelength (

and m), mask radius ( and
m) and implantation doses ( and

cm 2); all carried out at room temperature. It is essential
that all the other physical parameter and dimensions must be
kept unchanged in a controlled manner. Two grid spacings
are used in the model, one for implantation and the other for
refractive index profiles. For the axially symmetric system, the
two grid spacing are ( m, m) and
( m, m) resulting a computation
domain of 200 800 in size for the impurity profile and
40 40 for that of the refractive index profile, respectively.

A. Material Properties

Each implantation energy is associated with a specific
projected range , vertical standard deviation , and
lateral standard deviation . Making use of published
data [19] and simulation [20], the as-implant distribution can
be determined by (1). Fig. 3 illustrates the as-implanted Ga+

concentration profile for implantation energy of 800 keV and
mask radius of m. It is seen that the ions have been
successfully implanted to the nonmasked region and reaches a
peak concentration at a depth while a little amount of
impurities is found under the mask due to the edge effect. One
should note that the ions are diffused laterally to the region
under mask. The ion distribution profile during annealing is
computed numerically for every time step , which is taken
to be 0.0005 s. This impurity concentration profile is very

(a)

(b)

(c)

Fig. 4. Refractive index profile of the circular waveguide with mask
radius = 1 �m, energy of implantation= 800 keV and� = 852 nm
for various annealing time (a)t = 1 s, (b) t = 60 s, and (c)t = 100 s.

essential as it affects the characteristic of the waveguiding
properties in the cavity.

Due to an azimuthal invariance of the ion profile, the
refractive index profile is reduced to a 2-D case. It is observed
in Fig. 4 that QW’s under mask has not been interdiffused
and thus the corresponding refractive index remains constant
at . The value of the refractive index has dropped
outside the mask region where interdiffusion takes place. By
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TABLE I
MODAL POWER EVOLUTION ALONG TAPER: COMPARISON

OF SIMULATIONS USING COUPLED LOCAL MODE THEORY

(CM) AND BEAM-PROPAGATION METHOD (BPM)

carefully comparing the impurity concentration and refractive
index profile (i.e., Figs. 3 and 4), it can be revealed that higher
impurity concentration would lead to lower value of refractive
index.

B. Waveguiding Properties

In order to provide a rough estimation of the accuracy
produced by the couple mode method developed here, a
nonuniform profile with constant refractive index steps is put
on trial. It is obvious that accuracy increases with the number
of index layers. This method is initially applied to a taper
filter [21] for comparison. Table I shows the modal power
(normalized by ) and its evolution along the taper for
the first two modes. Results demonstrate an excellent
agreement for the couple mode method, with errors less than
5%, with the Beam Propagation Method. In this paper, the
refractive index profile along the radial direction is divided
approximately into twenty index regions, i.e., m.
The properties of the propagating wave at various vertical
depth positions, , are then studied by using the coupled-mode
equation. To attain an acceptable accuracy, thickness of the
longitudinal layers is taken as m.

1) Guiding Modes:Waveguiding properties of the vertical
type of cavity have been intensively studied recently [22]–[27].
The graph in Fig. 5 shows the 3-D mode profile and contour
plot of normalized intensities for the fundamental LP01 mode
along the propagation vertical direction. The mask radius of
the illustrated structure is m and the ion-implantation
is carried out at 600 keV. It should be noted that, [see
Fig. 5(a)], the intensity of the guided wave is varying along
the propagation direction. The intensity of the field increases
initially and attains its maximum value as approximately
comes to a point corresponding to the projected range and
which most of the light can be confined there. The amplitude
of the guided wave starts to decrease as the wave goes down
to the bottom ( m) of the waveguide. This shows that
the wave is best guided at the depth of projected range. The

(a.)

(b)

Fig. 5. Mode intensity profile for waveguide with implant energy= 600
keV, mask radius= 1 �m; annealed for 91 s and� = 852 nm. (a)
Three-dimensional profile and (b) contour plot.

reason is that when guided wave travels to a depth near,
concentration of the IID impurities will be the highest. This
implies that the quantum-wells nearby will be intermixed to the
largest extent, which in turn leads to a bigger refractive index
step between the mask and implanted regions. As depicted
in the typical refractive index profile shown in Fig. 6, the
spatially varied refractive index difference increases with depth
and peaks at the projected range. In other words, light is
more and more confined in the mask region as it is traveling
from to and then starts to be less confined as the
wave travels onwards.

Furthermore, the guided mode may not be maintained
throughout the entire waveguide cavity. As seen in Fig. 5(a),
the wave starts to fade gradually when the guided wave travels
beyond . Consequently, the guide mode is under cutoff
before arriving at the other end ( m) of the cavity.
This is due to the ion-implantation energy, for lower energy,
ions are not capable to penetrate deep into the lower cavity
quantum-wells and therefore no interdiffusion can take place
in the lower part of the cavity. This implies that the refractive
index difference is so small that no guided mode is supported
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Fig. 6. Section averaged refractive index difference(�n = ncore�nclad)
at operating wavelength 852 nm and waveguide defined by implantation
energy= 1000 keV, mask radius= 1 �m and annealing Time= 91 s.

there. Hence, it should be noted that the depth in which guided
mode can be maintained, , is greatly affected by and

, which in fact is determined by the implantation energy
chosen.

The modal properties is a very important aspect of the
vertical cavity waveguiding, it has been studied by several au-
thors [22]–[27]. In addition to the LP01 mode intensity profile
discussed above, other higher order modes are also depicted in
Fig. 7. The normalized electric field of the modal profile are
shown at a fixed propagation position m, they follow
prediction from the vibrational mode theory accordingly [28].
The LP01 mode is the fundamental mode, being symmetrical
about the longitudinal axis and has the highest strength at the
centre of the cavity, it agrees well with experimental results
[22], [24]. The LP02 mode is in principle similar to TE02

mode with ring pattern, i.e., lowest intensity at the centre
of cavity and surrounded by a ring of lower intensity. It
agrees well with experimental data [23] except there exists
some discrepancies at the outer edge of the cavity, this may
due to the graded refractive index produced by the IID in
our model. Other even higher order modes, LP21, LP11, LP22,
and LP12, are also shown for the sake of completeness. They
generally are in agreement to the general theory and vertical
cavity measurements [22], [24]. Some are asymmetrical about
the longitudinal axis, the higher the mode order, the more
complicated the nodal line is.

2) Ion Implantation: The consideration of ion implantation
energy is a very crucial subject and should be investigated
carefully. Ion implantation energy determines the range of the
impurities penetrated, thus determines the guiding capability
at various vertical positions. The depth of the penetration of
impurities is best described by the projected rangeof the
implantation, which specifies the depth where impurities are
of highest concentration. The effect of on the refractive
index is shown in Fig. 6 that the profile would attain the
highest refractive index difference between the masked and
nonmasked regions at . As a result, light is best confined
at a region around , implying that most of the power of
EM wave can be gathered there. Fig. 8 presents the variation
of power confined in the masked region along the cavity
with different implantation energies. An energy of 400 keV
corresponds to a of 0.15 m, which in turn is the point

having the peak for the optical confinement ratiofor the line
400 keV in Fig. 8. Similar phenomenon can be observed for
cases with 600 keV, 800 keV and 1000 keV. Therefore,
is located at the projected range for all cases of implantation,
due to a higher degree of intermixing. However, different
implantation energy leads to different value of. It is known
that ions with higher energy can penetrate deeper during
implantation. As illustrated in Fig. 8, the projected range
increases from 0.152 to 0.395m when implantation energy
increases from 400 keV to 1000 keV. Therefore, with higher
implantation energy, guided mode can be maintained for a
longer (deeper) cavity distance.

The effect of alone is not sufficient to characterize the
guiding mode characteristics. It is obvious that the implanted
impurity can spread over the cavity and it has shown to be
a function of (depth) and (lateral) and assumed to be
of error function shape. Such spreading effect is desired in
our model where guided mode can therefore be maintained
in an easier way if the degree of intermixing is sufficient
enough along the whole cavity. The degree of spreading effect
can be specified with the parameter . It is essential to
note that , similar to , is found to be increasing with
implantation energy. Therefore, intermixing can be attained in
deeper QW’s if high-energy implantation is employed. The
guided mode can extend to a deeper (largervalue) position
when higher implantation energy is used. For energy of 400
keV, the guided mode can only maintain until 0.45m while
more than 0.7 m for that of 1000 keV (increased by more that
60%). The length of the channel (guided mode) can thus be
increased with higher implantation energy. Therefore, higher
implantation energy is preferred if thicker vertical cavity is
required in design. However, higher implantation energy may
lead to damage of the waveguide. It should be carried out
carefully if high-energy implantation is employed. Although
spreading effect is advantageous, it has drawbacks to a certain
extent. If is too large, the spreading effect is too great, the
concentration profile of impurities would become broadened
along the direction of implantation. Thus, the ion concentration
will decrease at nearby , which in turn leads to a lower
degree of intermixing and thus a smaller refractive index step.
However, this effect is not so significant in general and may
be neglected. The dosage of implanted ions is considered
as another parameter for the ion-implantation. Samples of
different ion concentrations, 1013 cm 2 and 1014 cm 2, are
chosen to study the influence of the abundance of impurity
to our model. A model with 600 keV ion-implantation, mask
radius of 1 m and annealed for 51 s, is illustrated and is
intended to operate at a wavelength of 852 nm. It is shown in
Fig. 9 that there is an extended guided mode length in the
cavity for that of the 1014 cm 2 case, which implies that
with larger ion concentration, the degree of intermixing is
increased in such a way that the refractive index difference is
large enough to encourage higher fraction of the power to be
confined in the masked region. Moreover, such phenomenon
is shown to agree with our theoretical assumption and thus a
provision of accurate result.

3) Annealing: Apart from the effect of ion implantation,
the process of annealing also plays a major role in our
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. Higher order linear polarized mode profiles: (a) LP01 mode, (b) LP11 mode, (c) LP12 mode, (d) LP02 mode, (e) LP21 mode, and (f) LP22 mode. IID
parameters: ion-implantation energy= 800 keV, mask diameter= 3 �m, annealing time= 40 s,� = 892 nm.

waveguide model. The effect of annealing enhances diffusion
of the impurity ions and provides a remarkable modification
in the refractive index profile. In Fig. 10, the influence of an-
nealing on waveguide structure is demonstrated. The structure
annealed is implanted with 600 keV Ga+ ions and a mask of
radius m is placed on it to provide the refractive index
step. The changes of the performance of guided mode with
time, from 1 to 91 s, during high temperature annealing are

investigated. The essence of annealing is clearly expressed.
In the as-implanted index profile (annealing time
s), the refractive index difference between the masked and
nonmasked region is not great enough to reach satisfactory
guiding result. Only less that 80% of the power can be gathered
in the “core” region and the depth of guided mode region
is not so long. After annealing for ten seconds, however, there
is a noticeable modification in the guiding properties of the
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Fig. 8. Characteristic of optical confinement(�) properties at� = 850 nm
as a function of propagation direction (z-axis) for several cases of implantation
energy where the waveguide is defined by mask radius= 1 �m and duration
of annealing= 51 s.

Fig. 9. Characteristic of optical confinement(�) properties at� = 850 nm
as function of propagation (z-axis) for two cases of ion dosage. The waveguide
is defined by implantation energy= 600 keV, mask radius= 1 �m, and
annealing time= 51 s.

structure. The optical confinement factor has increased to over
90% and the guided mode can propagate deeper than before.
Such drastic enhancement of the guided mode properties has
proven the indispensable effect of the QW intermixing in
our structure. On the other hand, the enhancement of the
waveguide quality will be less remarkable than before as
annealing prolongs further. The fraction of power confined
in the masked region becomes constant for small depth
(less than 0.4 m) and the curves in Fig. 10 become closer
and closer together as annealing carries on. Hence, the rapid
thermal annealing of QW’s can really serve as an efficient
mean in fabricating a waveguide device defined by IID.

4) Operating Wavelength:When studying the relationship
between operating wavelength and the mode properties, it
is discovered that different wavelength of light can have

Fig. 10. Characteristic of optical confinement(�) properties at� = 850 nm
as function of propagation (z-axis) for different duration of annealing. The
waveguide is defined by implant energy= 800 keV and mask radius= 1 �m.

Fig. 11. Characteristic of optical confinement(�) properties as function
of propagation (z-axis) operated at different wavelength. The waveguide is
defined by implantation energy= 600 keV; duration of annealing= 91 s;
mask radius= 1 �m.

different guiding properties. As an example is illustrated in
Fig. 11, fundamental LP01 mode arises more likely for shorter
wavelength (0.852 and 0.95m). The model has been annealed
for 91 s and the range of ion projected is 0.231m. The four
associated propagation constantderived from the different
operating wavelength are different from each other. In case
of longer wavelength operation (1.3 and 1.5m), guided
mode is less likely to be seen and only with a small range
along the -direction. Moreover, the corresponding fraction of
light confined is comparatively small (less than 70%). On the
contrary, the guided mode of shorter wavelength is managed
to propagate to a deeper QW region. There is more than 90%
of the fraction of power confined at a range of depth’s less
than 0.5 m. This is because the refractive index profile is
wavelength dependent and in such a way that the longer the
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(a)

(b)

(c)

Fig. 12. Optical mode intensity profile for different mask radius of (a) 0.5
�m, (b) 1�m, and (c) 1.5�m, respectively (Implantation energy= 400 keV,
duration of annealing= 51 s,� = 852 nm).

operating wavelength, the smaller the index difference between
masked and nonmasked region. As a result it is less probable to
attain guided mode operation for longer wavelength. In short,
the proposed structure is suitable for operation at wavelength
0.85 or 0.9 m. For the cases of or m, the
guiding behavior is not satisfactory and is not suggested here.

5) Structural Dimension:Since the thickness of each QW
layer is constant, the thickness of the cavity can be adjusted
by controlling the number of QW layers included. In practical

Fig. 13. Characteristic of optical confinement(�) properties at� = 850 nm
as function of propagation (z-axis) for different cases of mask radius. The
waveguide is defined by implantation energy= 1000 keV and duration of
annealing= 71 s.

consideration [29], a limit of 40 QW layers, i.e., 0.8m in
thickness is adopted. As studied before, the distance of which
the guided mode can be maintained is mainly subject to the
implantation of impurity ions. Thus, in designing the vertical
cavity defined by IID technique, the number of QW layers
adopted should match with the energy of ion-implantation. As
the implantation energy increases, the depth of ion diffusion
also increases, thus more layers of QW can be used.

As far as the dimension of the model is of interest, the
size of mask governs the impurity distribution and thus also
deserves attention. A structure implanted with 1000-keV ions
and annealing for 71 seconds is presented (Figs. 12 and 13).
Results show that the behavior of guiding mode of the structure
with mask radius m is far distinct from that with

and m. As seen in Fig. 12, the intensity mode
profile is greatest for structure with mask radius m,
when compared with cases of and m. Thus,
intensity increases as mask radius decreases. On the other
hand, in Fig. 13, it is shown that as the mask radius decreases
from 1.5 to 0.5 m, the distortion of increases and the
refractive index under mask is no longer uniform, implying
a weaker optical lateral confinement. This is solely due to the
fact that the impurities implanted will inevitably diffuse to the
region under mask. The phenomena carries on as the cavity
is continuously annealed because annealing will induce the
diffusion of ion into the masked region. The distortion effect
is owing to the lateral projected standard deviation of
corresponding ion-implantation. It is also necessary to note
that is independent on the mask radius, but rather on
the implantion energy. As indicated by Fig. 13, the influence
of would be relatively greater for narrow mask cases.
Consequently, the peak value of decreases as the mask
radius decreases. At the same time, when comparing Fig. 12 to
Fig. 13, a mismatch between light intensity andis observed.
Thus, the structure with the smallest mask radius ( m)
is the one having the weakest lateral confinement due to the
distortion effect as mentioned above.
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Fig. 14. Absorption coefficient with different ion-implantation energies.

6) Loss: Loss is an essential issue in waveguide design.
The loss of the waveguide considered here mainly consists
of two parts, namely scattering loss and material loss. At the
top and bottom ends of the waveguide, the light is scattered
laterally. In the waveguide proposed, consists of a core of 1m
in radius and 0.8 m in propagation length, the scattering loss
is necessary to be considered [30], [31]. This loss is estimated
to be 3 cm 1 using the mode matching method [32]. When
light passes along the waveguide cavity, it will attenuate due
to the absorption loss in the quantum-well material. Here, the
loss due to three ion implantation energies, 400 keV, 600 keV
and 1000 keV are considered. In the centre of the masked
region, quantum-well intermixing is at a minimum because the
implanted ions from the nonmasked region cannot diffuse into
it for the annealing temperature and time considered here;
is calculated to be only about 0.5̊A using experimental values
of diffusion coefficient [33]. However, the loss is different in
the nonmasked region.

For the loss in the nonmasked region, the diffusion coef-
ficient of is given by , and the
annealing time is 91 s, the diffusion length is calculated
by . For m, the absorption
coefficient is given as where
is the imaginary part of dielectric constant,is the speed of
light in vacuum, and is the refractive index.

The absorption coefficient is calculated using experimental
data [34] along the vertical waveguide for different ion-
implantation energies and is shown in Fig. 14. They are
weighted and averaged along the-direction and the average
absorption coefficients are tabulated in Table II. In the centre
of the masked region of the waveguide, the diffusion coeffi-
cient is determined to be 9.0 10 16 cm2 s 1 at (870 C for
91 s annealing time) which remains unchanged throughout the
annealing process [33]. The diffusion length is calculated
to be 20 Å.

Due to the quantum-well intermixing, absorption edge will
shift to higher energy and hence lower the absorption loss.
The absorption coefficient is approximately 10 cm1 for

m (i.e., 1.459 eV) [34]. The optical confinement

TABLE II
ABSORPTION COEFFICIENT (AVERAGED OVER

CAVITY LENGTH) IN THE NONMASKED REGION

TABLE III
TOTAL LOSS WITH DIFFERENT ION-IMPLANTATION ENERGIES

Ion-implantation energy
(keV)

Total loss (cm–1) Loss (dB)

400 50 –0.034
600 39 –0.027
1000 36 –0.025

ratio is already determined to be about %, so that the
total loss is given by where

is the average scattering loss, is the loss of centre of
the masked region, is the loss in nonmasked region.

The total loss is tabulated in Table III. The loss is not too
high as compared to other laser devices (20–30 cm 1) [35].
As the ion implantation energy increases, the total loss de-
creases because the quantum-well intermixing is more spread
out throughout the-direction (see Fig. 14), and therefore give
rise to lower loss. It should be noted that if the waveguide is
to be operated at m, i.e., away from the band-edge,
the loss can be much reduced.

IV. CONCLUSION

In this paper, the behavior of AlGaAs/GaAs QW verti-
cal cavity waveguide is analyzed in a consistent manner.
The lateral optical confinement in the cavity is produced by
impurity-induced disordering (IID) through ion implantation.

A 2-D coupled-mode equation is employed to evaluate the
waveguiding condition of the structure. Results show that
with a higher concentration of implanted ions, quantum-well
interdiffusion can be enriched and in turn a better optical
confinement can be achieved. Furthermore, guided mode can
be maintained in the deeper region if higher implantation
energy is adopted. However, it is not desired in cases of
smaller diameter mask due to lateral spreading of impurities
into the masked region. There is also a restriction in the
operating wavelength in the guiding structure, where shorter
wavelength (800–900 nm) is recommended. With annealing,
an over 30% increase in the fraction of power gathered in the
masked region is obtained. Moreover, the loss is not too high
which is only around 40 cm1. This gives a less than 0.1
dB loss for our waveguides. In summary, lateral confinement
can be successfully achieved (about 70%) if appropriate QW
intermixing conditions are employed.

The intermixed multiple-QW structure accomplished in this
paper is assumed to be only an ideal passive waveguide where
the effect of the gain and carriers are neglected. In future
works, the IID technique will be considered not only for
waveguides, but also for other vertical cavity devices such
as surface emitting lasers and modulators.
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