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Interdiffused AlGaAs–GaAs Quantum Well
for Improved Electroabsorptive Modulation

Wallace C. H. Choy and E. Herbert Li,Senior Member, IEEE

Abstract—This is a theoretical study of the effects of two as-
grown structural parameters on the modulation properties of
AlxGa1�xAs–GaAs quantum wells (QW’s), which are the Al
concentration in barrier and the thickness of the well layer
serving as initial conditions before interdiffusion. The results
show that, with a larger Al concentration and a wider well width,
the range of interdiffusion for an enhanced electroabsorption
(EA) change increases with both of these parameters, while
insertion loss increases with the former and decreases with the
latter. However, the increase in loss is lower than that of the
rectangular QW for the same magnitude of absorption change.
The range of a tunable absorption-peak wavelength produced
by interdiffussion increases with increasing Al concentration and
decreases with increasing well width. Moreover, in a moderately
interdiffused QW, the required bias reduces for the same level
of EA modulation. For the best device operation, interdiffused
QW’s with the Al concentration between 0.3 and 0.4 and well
width between 10 and 12 nm are most suitable for developing
a general-purpose electroabsorptive modulator. When applied
in high-speed modulators, the EA of a wide and shallow QW
active-region structure can be further enhanced by the use of
corresponding interdiffusion.

Index Terms—Diffusion process, electroabsorption, intermix-
ing quantum well, modeling, optical materials/devices, quantum-
confined Stark effect, quantum-well devices, tunable devices.

I. INTRODUCTION

T HE QUANTUM well (QW) that has been actively inves-
tigated and successfully demonstrated in waveguide and

vertical-cavity types of modulator is the AlGa As–GaAs
QW [1]. This is due to their advanced properties including a
sharp exciton peak and a large electroabsorption (EA) change.
The QW EA modulator has been considered recently as an
important component in the development of high speed (40-
GHz modulation bandwidth) optical communication systems
[2]. A tailorable material system (in terms of its optical
properties) is important to the improved performance of a
modulator because the quality of the QW modulation depends
critically on the material properties. These properties include
field induced EA change , contrast ratio (CR), Stark shift,
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residual loss (which is considered to be the background
absorption of the active region), voltage swing, and chirping.

Recently, the AlGaAs–GaAs interdiffused or intermixed
QW (DFQW) structures have also been actively investigated
and widely used in several optical devices, such as EA
waveguides [3] and vertical-cavity [4], [5] types of modulator,
lateral confinement waveguides [6], and wavelength tunable
lasers [7], [8]. DFQW has even been regarded as a key
candidate in the development of optoelectronic integration [9].
However, there is no study on the effects of the variation in
the two initial conditions prior to thermal diffusion, such as as-
grown Al concentration of barrier and thickness of well width.
The knowledge of this is crucial to the optimal performance of
the DFQW modulators. This motivates the present theoretical
analysis in the interdiffused AlGa As–GaAs QW toward
the development of an improved performance EA-modulator.

In this paper, we theoretically study the AlGa As–GaAs
DFQW’s with modified optical properties which are devel-
oped from different as-grown conditions rectangular QW’s.
In Section II, the computational consideration of the material
system is discussed. In Section III, the results are discussed in
two foci: one on the confined eigenstates and the other on the
optical modulation properties. In each of these, the typical case
of 0.3 and as-grown well width of 10 nm is addressed
first and followed by the discussion of the effects of the
two initial conditions, i.e., the Al concentration and as-grown
well width. Section IV provides a summary of the modified
EA properties cased by these two conditions. In Section
V, the advantage of employing DFQW with different initial
conditions as the active-region material in EA-modulator is
discussed. Finally, the conclusion will be drawn in Section IV.

II. COMPUTATIONAL CONSIDERATIONS

The interdiffusion of the QW composition profile is de-
scribed by an error function profile [10]. The extent of the
interdiffusion process is characterized by a diffusion length

, which is defined as , where and are the
interdiffusion coefficient and the annealing time, respectively.1

The square of this length represents half of the variance
of the interdiffusion distribution in a linear flow situation
(i.e., variance, and standard deviation ).
The as-grown QW is defined as . The diffused Al
composition profiles across the QW structure is given

1It should be noted here that the definition ofLd varies in the literature;
for instance, some authors defineLd as2(Dt)1=2, i.e.,L2d = 2� variance
andLd =

p
2� standard deviation.
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by

(1)

where is the as-grown Al mole fraction in the barrier,
is the as-grown well width of the QW, is both the

quantization and the growth axis (QW centered at ),
and denotes the error function. The interdiffusion-induced
nonlinear confinement profile is defined as

(2)

where the subscript denotes either the electrons in the
conduction band or heavy and light holes in the valence band.
The bandgap equals , and is the
band offset splitting. The additional term is the effect
of applied field on the QW structure, andis the electron
charge. The subband structures are calculated numerically
using spatially dependent effective masses, conduction band
nonparabolicity, and valence subband mixing. Details of these
subband calculations are discussed in [12]. The field effect
on the band-edge eigenstates is calculated according to a
scheme developed by Bloss [11]. These subbands are then
used to calculate the heavy hole (HH) and light hole (LH)
related 1S exciton-binding energies and wavefunctions by a
perturbative-variational method [13].

The imaginary part of the dielectric function for the
valley, , is calculated as [5]

(3)

where is the angular frequency, is the 1S exciton
contribution derived by the density-matrix approach at the
subband edge without the influence of band mixing, and
is conduction-valence band bound-state contribution without
the electron–hole interaction. is the contribution from
the unbound continuum states above the barrier. The-valley
contribution to is calculated for over 40 states (for each
of the bands) above the barrier and then combined with the
bulk contribution [14].

The polarization-dependent absorption coefficient
is the sum of , and . They are
the absorption coefficient of the bound state, the exciton
state, and the continuum region, respectively. These different
parts of the absorption coefficient can be calculated from the
corresponding parts of the dielectric functions in using
the relation in

(5)

where the superscript denotes either the bound state, the
exciton state, or the continuum region. and are
the speed of light in vacuum and the refractive index of the
DFQW, respectively. The field-induced change of absorption
coefficient can then be calculated by

(6)

The contrast ratio for a modulator is defined as the relative
optical intensity modulation and is given as [15]

CR (dB) (7)

where and are the absorption in ON and OFF
states, respectively, andis the modulation length.

III. RESULTS AND DISCUSSIONS

In order to study the effects of the variations in the two
initial conditions, as-grown aluminum concentration in barrier
and thickness of well width, combinations of different Al
concentrations ( 0.2, 0.3, and 0.4) and well widths (
8, 10, and 12 nm) are investigated.

The as-grown structure of 0.3 and 10 nm
is considered to be typical and is discussed first. Through
the understanding of the DFQW of the typical structure, the
effects of the two initial conditions are then analyzed. The
independent effect of the aluminum concentration is studied
by minimizing the effect of the as-grown well width, which
is analyzed to 12 nm. On the other hand, the effect of
as-grown well width is investigated by using 0.3. This
is because with 0.2, only weak applied fields can be
supported whilst with 0.4, the Al concentration is so high
that it brings an overwhelming effect on the DFQW. Thus, the
width effect cannot be shown intuitively.

In the calculation of absorption coefficient, the Lorentzian
broadening factors half-width-half-maximum (HWHM) are
extracted from experimental data [16], [17]. The HWHM of
the heavy hole (HH) and the light hole (LH) are considered
to be the same and have a value of 3 meV which is averaged
from the values taken from [16] and [17]. It should be noted
that although interdiffusion will enhance the broadening factor
[18], its relation is not well known and is therefore considered
to be a constant here.

Since an EA modulator operates at the wavelength of the
respective biased band-edge exciton peak [19], it is important
to understand the QW eigenstate properties and their effect on
the modulation performance including the absorption change

, Stark shift, residual loss , operation wavelength
and the required bias. It should be noted that we restrict our
discussion to the first eigenstates in the conduction and valence
bands, where they are denoted as C1 and HH1, respectively.
Also, the interdiffusion extent of 4 nm is considered to
be extensive.

A. Interdiffusion Contribution to a QW Confinement

In an interdiffused QW, the confinement profile is graded in
nature with no well-defined well width and well depth. There-
fore, the following analysis will be based on a changeable well
potential depth (under no bias), an effective width of QW at the
first eigenstate energy and its wavefunction. Generally, both
a deeper well depth and a narrower well width enhance the
confinement of carriers in QW.

In the typical unbiased QW structure, the effective width
reduces by 40% for 2 nm, while the potential depth
remains unchanged and slightly reduces by 10% for 1 nm
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Fig. 1. The potential profile, wavefunction of the first eigenstate, and the
states’ well width of a 100-̊A–100-Å Al 0:3Ga0:7As–GaAs DFQW. (a) Con-
duction band. (b) Valence band.Ld = 0 (solid line),Ld = 1 nm (dotted
line), Ld = 2 nm (dashed line),Ld = 3 nm (long dashed line), andLd =

4 nm (dotted–dashed line).

and for 2 nm, as shown in Fig. 1. These wavefunctions
of both C1 and HH1 are therefore stronger confined with
a higher wavefunction peak in the DFQW as compared to
that of the as-grown structure ( 0). As the interdiffusion
proceeds further (3 nm 4 nm), the well depth becomes
much lower and the wavefunctions of C1 and HH1 broaden out
with their peaks reduced back to (or lower than) the as-grown
case. The confinement only improves in the initial stages of
interdiffusion ( 2 nm).

When the DFQW is tilted by an applied electric field, an
interesting feature can be obtained, as shown in Fig. 2. For
the case of 2 nm, the shift of wavefunctions weakens
as compared to that of as-grown structure because of the en-
hanced confinement, while the wavefunction of the extensive
interdiffused QW ( 4 nm) shifts substantially and partly
tunnel out. Consequently, the Stark shift of wavefunction can
be tailored by using the QW interdiffusion.

The increase of from 0.2 to 0.4 (i.e., the increase of the
QW barrier potential) improves the confinement in the as-
grown QW. Its effect on the interdiffusion is best illustrated
by the DFQW’s with 2 nm under an applied field of
60 kV/cm, as shown in Fig. 3(a)–(c). From these figures, the
entire HH1 wavefunctions of the tilted DFQW move toward
the centroid of the well as compared to the HH1 wavefunctions
of the as-grown structure. Its peak amplitude, although slightly
less than the as-grown ones, also increases whenincreases
from 0.2 to 0.4. This is contributed by the deepening of the

Fig. 2. HH potential profile and wavefunction of first HH eigenstate of
100-Å–100-Å Al 0:3Ga0:7As–GaAs DFQW’s withF = 60 kV/cm. Ld =

0 (solid line),Ld = 1 nm (dotted line),Ld = 2 nm (dashed line),Ld = 3
nm (long dashed line), andLd = 4 nm (dotted–dashed line).

potential depth and narrowing of the effective width due to
a different magnitude of interdiffusion to the increasing
content. For the HH valence band, the potential depth increases
from 0.085 to 0.155 eV and the effective width reduces from
5.54 to 4.66 nm, as increases. This means that the biased
first eigenstates are better confined with increasingcontent
in the DFQW’s.

More importantly, the biased eigenstates stay closer to the
center of the DFQW as content increases. This is in contrary
to the as-grown QW case in general. The consequence of this
is a much improved overlapping between the electron and
hole states under bias and will give rise to better modulation
performance because we operate at biased exciton peak.

A similar feature of the HH1 wavefunction can also be
found in 2 nm as the DFQW as-grown well width
increases from 8 nm to 12 nm, as shown in Fig. 4.
The wavefunctions stay closer to the central of QW as
increases, although the amplitude of the HH1 wavefunction of
the DFQW reduces in the widening of the as-grown well width.
It is interesting to note that interdiffusion offers a special
modification to the confinement of the biased first eigenstates.
Generally, when well width increases, the confinement and
their overlapping reduces. However, as shown in Fig. 4, the
confinement of the HH1 wavefunction in the tilted DFQW’s
illustrates that it enhances the centralization of the eigenstates
with the increase of the as-grown well width. This enhance-
ment in the DFQW can be explained by the increase of the
potential depth, which increases from 0.103 to 0.121 eV as

increases from 8 to 12 nm. The effective well width also
increases from 5.68 to 6.65 nm at the same time. This implies
that the potential depth is the dominant factor contributed
to the centralization. Although the effects of the two initial
conditions, i.e., the value of and the as-grown well-width, on
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Fig. 3. As-grown Al concentration effect: HH potential profile and wave-
function of first HH eigenstate of the AlxGa1�xAs–GaAs DFQW withLz =

12 nm andF = 90 kV/cm The solid line representsLd = 0 (rectangular QW),
and the dotted line representsLd = 2 nm for the case of (a)x = 0.2, (b)
x = 0.3, and (c)x = 0.4.

the C1 confinements and its wavefunctions of DFQW’s have
not been discussed here, the obtained results show that their
effects on C1 are the same as those on HH1. As a consequence,
interdiffusion can recover the poor performance in a wide-
well-width QW which is used as an active region to produce
a large Stark shift and a low in the EA modulator [20].

B. Interdiffusion Contributions to Modulation Properties

In analyzing the EA modulation properties of DFQW’s, the
operation wavelength is set at the wavelength of the biased
1S HH exciton absorption peak. DFQW’s under different
strengths of applied electric field are being investigated. The
use of QW interdiffusion to adjust is also investigated
here; this tunability is defined as the difference of of
a DFQW to its corresponding as-grown QW. The OFF-
state and ON-state absorption coefficients are defined here
as the absorption coefficients of the biased 1S HH exciton
absorption peak and of the unbiased rising absorption edge at
the wavelength of the biased exciton peak, respectively.
is considered as the OFF-state absorption coefficient.

Fig. 4. As-grown well-width effect: the HH potential profile and wavefunc-
tion of the first HH eigenstate of the Al0:3Ga0:7As–GaAs DFQW withF =
90 kV/cm. Solid line representsLd = 0 (rectangular QW), and dotted line
representsLd = 2 nm. (a)Lz = 8 nm. (b)Lz = 10 nm. (c)Lz = 12 nm.

1) Fixed As-Grown QW Conditions:The absorption spec-
tra of the typical QW structure under different extents of
interdiffusion (0 4 nm) are shown in Fig. 5(a). The
DFQW 1S HH exciton absorption peaks remain fairly constant
with interdiffusion. However, with increasing interdiffusion,
the 1S HH exciton peak wavelength blue shifts at a different
rate. Under an applied electric field and thus producing the
quantum-confined Stark effect, the exciton absorption peak of
the DFQW’s red shift and its amplitude reduce, such as for
the care of DFQW with 2 nm shown in Fig. 5(b).

, i.e., the difference between the ON- and OFF-states ab-
sorption at different applied fields of this DFQW, is extracted
to generate the dashed line in Fig. 6(b). Similarly, of other

cases are extracted to form the other lines in Fig. 6(b). It
should be noted that, due to an enhanced confinement in the
cases of 1 and 2 nm, at different applied fields from

50–130 kV/cm, i.e., dotted and dashed lines of Fig. 6(b),
respectively, are greater than that of the as-grown case (solid
line). When interdiffusion increases to 3 nm, its at
different applied fields reduces. The of 3 nm termi-
nates at 110 kV/cm because their 1S HH exciton tunnels
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Fig. 5. The absorption coefficient of Al0:3Ga0:7As–GaAs DFQW. (a) The
absorptive spectra of the unbiased DFQW withLd from 0 to 4 nm stepped
by 1 nm;Ld = 0 (solid line),Ld = 1 nm (dotted line),Ld = 2 nm (dashed
line), Ld = 3 nm (long dashed line), andLd = 4 nm (dotted–dashed line).
(b) The absorptive spectra of the biased DFQW withLd = 2 nm, F = 0
(solid line),F = 50 kV/cm (dotted line),F = 90 kV/cm (dashed line),F =
110 kV/cm (long dashed line), andF = 130 kV/cm (dotted–dashed line).

out. For even more extensive interdiffusion ( 4 nm),
it HH1 wavefunction is weakly bounded even under a small
applied field of 60 kV/cm, as can be seen in Fig. 2, and
its 1S HH exciton tunnels out at 90 kV/cm. Its can
only shown up to 80 kV/cm. For developing a large EA
modulation, the use of DFQW, for example, with 1 nm
at 110 kV/cm, can produce an improved (twofold) 4.6-dB
CR per micrometer (propagation length) as compared to the
as-grown QW of 2.3 dB at this applied field.

An important intrinsic parameter for the EA modulation
is the quantum-confined Stark shift, because a large shift
provides a cleaner and larger ON/OFF ratio. As listed in Table
I (column 4), the Stark shift reduces with interdiffusion until

2 nm because of the enhanced confinement. When
2 nm, the Stark shift increases due to the relaxation

of confinement, as shown in Fig. 2. The Stark shift is also
dominated by the valence band since the potential barrier of
the valence band is shorter than that of the conduction band.

depends on the tail of rising unbiased absorption ex-
citon edge and is inversely proportional to the Stark shift. The
increase (although small) of unbiased absorption coefficient
due to initial interdiffusion, as shown in Fig. 5(a), and the

reduction of Stark shift, see Table I, make increase for
2 nm, as shown in Table II. However, reduces at
3 nm due to an increasing Stark shift. For more extensive

interdiffusion, the 1S HH exciton tunnels out beyond
90 kV/cm, therefore, a slightly lower field ( 80 V/cm) is
used. Under this field strength, is only 580 cm while
the Stark shift is 24 meV. It should be noted that the
considered here is purely the material absorption coefficient. In
the case of a practical device structure, the optical confinement
is usually 1 [21]. Take the optical confinement equal to 0.5
as an example, the of the extensive interdiffused QW
( 4 nm) reduces to 290 cm.

Another important modulation parameter is the required bias
(voltage) to produce the ON/OFF modulation. For the case
of extensive interdiffusion, since the confinement becomes
effectively weaker, the DFQW offers a higher tunneling rate
[22]. Equivalently, a lower voltage is required [23] using
the DFQW as compared to the as-grown QW. This higher
switching rate combined with a low (580 cm at
80 kV/cm) can be very useful in high-speed EA modulators,
while the lowered voltage feature can be used to satisfy the low
bias requirement of switching arrays from a self-electrooptic
effect device (SEED) [24].

An interesting feature of the DFQW is in its adjustability
of . A summary of working at 90 kV/cm as a
function of (from 0 to 4 nm), (from 0.2 to 0.4), and
(from 8 to 12 nm) are shown in Fig. 7. Due to the diffused
potential profile moving upwards with increasing , for the
cases of , the energy of eigenstate in general increases
with respect to that of the as-grown structure for cases of

, and thus blue shifts. For the typical case which
is denoted by ( ) in the figure, the blue shift from
1.442 to 1.565 eV when increases from 0 to 4 nm. This
blue-shift property of is nonlinear in nature and that the
tuning of is wider in the intermediate interdiffusion range
(1 nm 2.5 nm) than those in the initial stage (
1 nm) and final stage ( 2.5 nm). In practice, the precise
control of the operation wavelength by a fine adjustment of

can be realized when the annealing temperature reduces
to around 900 C [25]. For instance, an annealing time of

10 s implies 2.9 10 cm /s) (10 s) 1.7 Å.
Therefore, the required for a targeted wavelength discussed
here is experimentally achievable.

2) Effect of As-Grown Al Concentration Variation in Bar-
rier: When increases from 0.2 to 0.4 and is fixed
at 12 nm, under different applied fields and for all
interdiffusion extents gradually rises up due to an enhancement
of the quantum confinement, as shown by Fig. 6(c)–(e). The
increasing DFQW over its corresponding as-grown QW
enhances from the case of 0.2 to 0.4. As a
consequence, when Al concentration increases, a longer range
of interdiffusion exists with an enhanced , as well as an
increased magnitude of . However, it should be noted
that, for all cases of , terminates at a lower applied
electric field when increases, see Fig. 6(c)–(e). Generally,
the maximum allowed applied field (voltage) of DFQW’s
increases when increases.
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Fig. 6. The effects of Al concentrationx and as-grown well width (Lz) on the absorption change of AlxGa1�xAs–GaAs DFQW’s: (a)x = 0.3 andLz = 8
nm, (b)x = 0.3 andLz = 10 nm, (c)x = 0.2 andLz = 12 nm, (d)x = 0.3 andLz = 12 nm, and (e)x = 0.4 andLz = 12 nm, in differentLd from 0 to 4 nm
stepped by 1 nm.Ld = 0 (solid line),Ld = 1 nm (dotted line),Ld = 2 nm (dashed line),Ld = 3 nm (long dashed line), andLd = 4 nm (dotted–dashed line).

TABLE I
STARK SHIFT AND THE NORMALIZED SHIFT, I.E., Stark shift(Ld 6= 0)=Stark shift(Ld = 0) WHICH IS DENOTED AS

SSLd 6=0=SSLd=0, OF DFQW’S WITH Ld = 0–4 nm STEPPED BY 1 NM IN AN APPLIED FIELD F = 90 kV/cm

TABLE II
RESIDENCE LOSS OF DFQW’S THAT THE OPERATION WAVELENGTH IS SELECTED

AT BIAS EXCITON PEAK (F = 90 kV/cm) AND THE NORMAL ON-STATE IS AT F = 0
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Fig. 7. The operation wavelengths of AlGaAs–GaAs DFQW in differentLd
from 0 to 4 nm stepped by 1 nm. The operation wavelengths are at the 1S
HH exciton peak biased by applied fieldF = 90 kV/cm. The solid, dotted,
and dashed lines are the casesLz = 8, 10, and 12 nm, respectively. For a
fixed diffusion, i.e.,Ld = 2 nm, the points A and C represent the wavelength
atLZ = 12 and 8 nm, respectively, forx = 0.2. Likewise, the points B and
D correspond to the cases forx = 0.4.

The variation of the Stark shift due to the increase of Al
concentration is better illustrated by its normalized value, i.e.,
Stark shift Stark shift . The normalized
Stark shift of the DFQW’s reduces, see Table I (columns 2, 4,
and 6), and thus of the DFQW’s increases, see Table II,
when increases. Adjustability of of DFQW’s also widens
with the increase of , as shown in Fig. 7. By comparing the
adjustable range of of the DFQW (from 0 to
2 nm), when increases through 0.2, 0.3, and then 0.4, it
increases from 35.4 to 64.3 meV, and 78.1 meV, respectively.

3) Effect of As-Grown Well Width Variation:The effect of
as-grown well width on of DFQW’s are summarized
in Fig. 6(a), (b), and (d). It is found that for almost all the
interdiffusion cases and (the as-grown structure),
on the whole reduces with increasing. However, the range
of the interdiffusion extent with an enhanced the (over
that of case) widens when the as-grown well width
increases. This is because the confinement of QW with wider
as-grown well width improves with interdiffusion. In addition,
interdiffusion can produce a recovery to the reduction of
due to increasing well width. For instance, when of an
as-grown QW increases from 8 to 10 nm, its at
110 kV/cm reduces from 17 000 to 6,000 cm, however,
the of the later QW can be improved to 12 000 cm
by interdiffusion to 1 nm. Consequently, there are
two benefits in using interdiffusion in a wide-well-width QW
structure: 1) the range of an enhanced increases when

increases and 2) interdiffusion can, to a certain extent,
compensate the degradation caused by a widened well width
on .

As increases, the amount of Stark shift of all the
interdiffusion cases increases, as shown in Table I (the middle
three columns). The reduces as shown in Table II, and

TABLE III
NORMALIZED ��, I.E.,��Ld 6=0=��Ld=0, OF THE DFQW WITH RESPECT TO

THE CORRESPONDINGRECTANGULAR QW’S FOR DIFFERENTLd CASES (FROM 1
TO 4 NM STEPPED BY 1 nm) UNDER APPLIED FIELD F = 90 kV/cm

the adjustability of decreases as the as-grown well width
widens. On the other hand, since a narrower as-grown width
QW will have a more rapid rate of reduction in the diffused
potential depth (thus weakening the confinement), the applied
voltage for a required level of ON/OFF in the extensively
interdiffused QW is expected to be lowered by reducing the
well width, see Fig. 6(d) to Fig. 6(b) to Fig. 6(a).

IV. COMBINED EFFECTS OF THEINITIAL CONDITIONS

a) In general, an increase of both Al concentration and well
width widens the interdiffusion range with an improved

, as shown in Fig. 6. An illustrative example is
shown in Table III which lists the normalized
( ) of DFQW’s under bias 90
kV/cm. By comparing the enhanced caused by
increasing Al concentration with that due to the increase
of well width, it can be observed that the former one is
more obvious and dominating. Take DFQW with
1 nm as an example and use the ratio of the different
normalized cases for comparison. The increment of

from 0.2 to 0.4 provides an enhancement to the effect
of widening on the DFQW from 1.86/1.17 1.59
to 2.46/1.19 2.07. The widening of from 8 to
12 nm, however, brings a weaker enhancement to the
effect of increasing on the DFQW from 1.19/1.17
1.05 to 2.46/1.86 1.32. This means that the effect of
interdiffusion on is intensified by an increasing Al
concentration of the QW in the study ranges considered
here for the two initial conditions. This is in agreement
with the analysis of Section III-A that the dominant
factor of an enhanced confinement and thus an improved

[26] is the diffused potential depth rather than the
diffused well width.

b) The variations of and Stark shift in the DFQW’s,
caused by a change of the Al concentration and as-
grown well width, are inversely related to each other; the
former one increases when Al concentration increases
and decreases, and vice verse for the later one. Of
the two effects, the variation of and Stark shift
strongly depends on the Al concentration and as-grown
well width, respectively. This can be seen by comparing
the ratio of the normalized values as used in a).
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c) An enlargement of the Al concentration and a reduction
of can widen the adjustable range of . With the
initial condition of increased from 0.2 to 0.4, the
variation of of a DFQW (at 2 nm and
90 kV/cm) between 8 and 12 nm will be modified
from a bandwidth of AC to BD, see Fig. 7. Their relative
ratio, i.e., BD/AC, is 1.75 which shows the effect of
increment in . With the initial condition of reduced
from 12 to 8 nm, the modification of of the DFQW
due to an increment in from 0.2 to 0.4 will change
from the width AB to CD. The influence of reduction
in produces a relative ratio (i.e., CD/AB) of 1.99.
Therefore, it can be concluded that the adjustability of

through interdiffusion is more sensitively dependent
on the as-grown well width.

d) One of the interesting features of the DFQW is a lowered
required voltage swing when the interdiffusion is mod-
erately extensive (the relevant value of depends on
the Al concentration and ). The maximum allowed
applied voltage increases with the increase of both
and .

V. ADVANTAGES OF EMPLOYING DFQW’S
AS THE ACTIVE CAVITY MATERIAL

Based on the four features discussed in Section IV, for
general applications, the AlGa As–GaAs with between
0.3 and 0.4 and between 10 and 12 nm should be em-
ployed to develop DFQW EA modulation devices for general
applications. Within these ranges, the magnitudes of, the
extension of with improved , and the adjustability of

are at their best.
A wide-well-width rectangular QW to be used as the active-

region material can provide a large Stark shift and a low
in the EA modulator [20]. With interdiffusion, the magnitude
of can be further improved in this wide-well-width QW
system. The range of interdiffusion with an enhanced
widens with an increasing . On the other hand, low-Al
concentration in rectangular QW’s are attractive instruments
for developing SEED devices [20] since it provides a fast
tunneling rate. However, these QW’s suffer from low .
Interdiffusion can then be a remedy to restore the, as
demonstrated in Fig. 7.

The only drawbacks of the DFQW for the above two devices
seem to be a narrow Stark shift and a large . However,
for an accurate comparison, a DFQW should be compared
with an “equivalent” rectangular QW [27] having the same
amount of Stark shift. In this case, the of DFQW is
found to be less. In order to develop an equivalent QW with
the same as that of the DFQW, a narrower well width
or a deeper potential depth is required. This will reduce the
Stark shift and the tunneling sensitivity [20], thus increasing
the loss as compared to the DFQW. On the other hand, in
order to provide a similar Stark shift to the DFQW structures,
wider well width and shallower well depth in the equivalent
QW are required. In this case, the of the equivalent QW
reduces. This means that an equivalent QW cannot attain both
the and Stark shift (and thus residual loss) of a DFQW

at the same time. As a whole, the improvement of DFQW
in terms of confinement and tunneling sensitivity cannot be
replaced by a single rectangular QW. This is also one of the
advanced features in using a DFQW for the EA modulator.

The required bias of the modulator can also be reduced by
introducing an extensively interdiffused QW structure, thus
found application in a high-speed modulator. DFQW can
provide an adjustability of , therefore, we only require a
single substrate QW structure with a selective interdiffusion
process to develop EA modulators which operate at different

. A multiple-bandgap integrated structure can be realized
for multi-colors or wide-bandwidth applications. The yield of
fabrication can also be improved by using interdiffusion as a
post-growth wavelength correction technique.

VI. CONCLUSION

We have theoretically analyzed the modulation properties of
an Al Ga As–GaAs DFQW in terms of the initial condi-
tions prior to interdiffusion, i.e., the effects of Al concentration
( 0.2, 0.3, and 0.4), and well width ( 8, 10, and 12
nm). The results show that: 1) the interdiffusion range with
improved increases with increasing both and ; 2)

increases with increasing and reducing especially
in the middle range of interdiffusion where the increment is
more serious; 3) Stark shift first reduces in a less extensive
DFQW and then increases with further interdiffusion, and the
shift increases with the reduction of and the increment of

; 4) the required voltage for ON/OFF operation reduces in
larger interdiffusion extent, however extensive interdiffusion
is required for low-voltage applications when both and

increases; 5) interdiffusion can provide an adjustable
range, which increases with increasingand decreasing ;
and 6) Al concentration is the dominant factor contributing to

and while Stark shift and adjustability of are
dominated by as-grown well width.

In general applications, the AlGa As–GaAs DFQW
with between 0.3 and 0.4 and between 10 and 12 nm
should be employed to develop EA modulators. Interdiffusion
can also be applied to the wide-width rectangular QW system,
which is commonly used in high-speed modulators, to produce
a large and a wide range of with enhanced .

For low Al concentration and wide QW materials which
are used in high-speed modulators, the DFQW’s developed
from these as-grown materials can provide an even larger.
The Stark shift enlarges in the DFQW’s, however, residual loss
increases although it is comparatively small as compared with
the case of rectangular QW with the same. The improved
quantum confinement and a higher tunneling rate achieved in
the DFQW’s cannot be fulfilled by a single rectangular QW
structure simultaneously. The extensively interdiffused QW
reduces the required bias or increases the tunneling rate for
EA modulation. Therefore, the DFQW material structure is
potentially attractive for developing high-speed modulators.
The adjustability of in the DFQW enables successful
development of a single substrate QW structure to operate at
different photon wavelengths by a selective-area interdiffusion
process on the wafer. The yield of device fabrication can
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also be improved by using interdiffusion as a post-growth
wavelength correction technique. All these attractive features
will undoubtedly make the DFQW’s a competitive material
for the development of EA modulators and their integration.
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