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Abstract— The electric field induced refractive index change
andabsorpﬁoncoeﬁiuentchangeinTEpohrmﬁonmm
lyzedatroomtemperatureforseveulinterdiﬂuﬂonmodﬁeﬂ
Alg.3Gao.7As-GaAs quantum-well structimres. The resulis show
that for the small and medium interdiffusion lengths with fields
of 100 and 50 kV/cm, respectively, improved chirping and elec-
troabsorption can be obtained. Further, in a selected set of
interdiffusion lengths and fields, the material can be used for
anehcﬁmbsorpﬁonmndulatnrwﬂhredmedchirphglnawide
range of operation wavelengths (758-874 mm). :

HERE HAS been a considerable interest in the electroop-

tic effects in semiconductor quantum wells (QW’s) for
their improved performance in various optoelectronic devices
[1]. This is because of a large change in the electric field
induced refractive index variation (An/n ~ 1%) due to the
quantum confined Stark effect (QCSE) in the QW’s around
the excitonic absorption edge as compared to those in conven-
tional materials, such as bulk III-V semiconductors (An/n =
0.01%) and LiNbO3 (An/n ~ 0.1%). Recently the technique
of using thermal annealing to produce diffusion modified
non-square QW’s (DFQW’s) has received much attention for
the monolithic integration of devices, such as waveguides,
modulators, and lasers, in optoelectronic integrated circuits [2].
The DFQW structures are also attractive in its own merit due to
their improved performance in waveguide-modulators {3] and
lasers [4]. However, there is a need to study the electrooptic
effect in such structures since a large An is required for
directional couplers and it is important to have a small An in
high-speed absorption modulators due to chirping. This is the
first theoretical study on the electrooptic and-electroabsorptive
effects and their composition effect in the DFQW.

In this letter, both the electroabsorption and electrooptic
effects are studied theoretically by analyzing the electric field
induced absorption and refractive index changes in DFQW at
room temperature. We will first discuss the An of DFQW
with various extent of interdiffusion L, at two applied electric
fields and its contribution on phase modulator, this is followed
by a study on the chirping of DFQW for applications in
high-intensity/speed modulators. Finally, several structures of
DFQW for electroabsorption and electrooptical modulation
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will be discussed. The as-grown QW to be analyzed consists
of a 100-A width GaAs well and thick Alg3Gag.7As-GaAs
barriers. The DFQW is modeled by an error-function and the
extent of interdiffusion is characterized by a diffusion length

4 = (D)2, where D and t aré the diffusion coefficient
and annealing time respectively. To calculate the subband
wavefunctions and dispersion including the effect of valence-
band mixing, the k - p method is used; the detail of these
calculations ‘and the AlGaAs material parameters used are
presented in [5]. The An considered here is associated with
the QCSE and the linear electrooptic effect is neglected since
it is small; in accordance to the sum rules derived for QW’s [6]
the An can be calculated using the Kramers-Kronig relation.

Fig. 1 shows the TE polarized n in several DFQW structures
(0 < Lg < 40 A) for two cases of electric fields, (a) F =
30 kV/cm and (b) F = 50 kV/cm. The comresponding zero
field absorption coefficient is also shown in Fig. 1(c) as a
reference, it can be seen that both the heavy- and light-
hole excitons appear for all cases except at Ly = 40 A.
At wavelengths above and below the two 1S exciton peaks,
An is positive and with a two W wave-like (this is defined
as the shape of the third derivative of a Gaussian function)
dispersion situated in between these peaks. This is thought
to be due to the two excitons related Aa, which behave
as a two-N wave-like (first derivative) dispersion before the
Kramers—Kronig transformation is performed. It is apparent
from Fig. 1(a) and (b) that the maximum n/n is negative and
varies between —0.03 to —0.015 for the F' = 30 kV/cm case,
which corresponds to a An/n of 0.8 and 0.4%, respectively.
The case of F' = 50 kV/cm is similar in trend to the previous
case with the percentage change in An/n varying between
0.9 and 1.3%. These values are in good agreement with both
experimental [7] and theoretical [8] results obtained from the
as-grown square QW’s. An interesting feature to be observed
in both cases is that Anp,y decreases initially with increasing
Ly, and then recovers to about the same strength as L, reaches
40 A; however, the spectra become much broader and for
the case of F' = 50 kV/cm the sum rule is being somewhat
violated. On the other hand the Anay variation for different
DFQW’s under the F' = 50 kV/cm is much reduced and may
have potential applications in wide-bandwidth electroopiic
devices. ' '

The phase modulation due to nmax can be calculated by
considering an ideal situation for the phase difference per unit
length, A¢ = 2xrAn/), in a waveguide-modulator type of
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Fig. 1. The TE polarized light electrooptic spectra, An, of 100-A-wide
Alp 3Gap 7 As—-GaAs QW, at electric field of (a) ' = 30 kV/cm and (b)
50 kV/cm for different DFQW structures: Ly = 0 A (solid), 10 A (dot-dash),
20 A (dash), 30 A (long dash), and 40 A (dot). Their respective absorption
coefficient at zero-field is also shown in (c) as a reference.

structure. It should be noted that the values obtained may
only be used as an indicator although a confinement factor of
0.0025 per QW has already been taken into consideration for
scaling purposes. For the F' = 30 kV/cm case, A¢(Lg4in) =
31.95 (0), 17.52 (10), 18.06 (20), 25.96 (30), 35.53 (40)
°/mm, and for the ' = 50 kV/cm case, A¢ = 53.07 (0),
45.65 (10), 44.45 (20), 41.38 (30), 47.37 (40) °/mm. These
results indicate a distinctive A¢ in the former case that can
be served in a multiplexer type of application while the latter
case could be used as a wide-bandwidth directional coupler
modulator/detector.

In the interest of high-speed intensity modulators, the ef-
fect of DFQW on the chirping problem of electroabsorptive
modulation is important since this will affect the frequency
(wavelength) broadening of the output intensity spectrum of
the device. The degree of chirping can be indicated by a
linewidth enhancement factor S..q [7], which is due to an
electric field applied in the modulator as in the case of charge
carrier injected into the laser device. The relation is defined as:

Bmod = An(A)/Ak(N) 0))
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where Ak is the change of extinction coefficient that corre-
sponds to the imaginary part of the complex refractive index.
Physically, a change in the absorption coefficient implies a
change in the extinction coefficient since they are related by
Ak = AAa/(4x), and through Kramers—Kronig relations, this
change in Ak leads to a change in An. So, as a whole, the
electrooptic effect is in principle related to electroabsorption
while the factor S04 can be considered as a ratio between
them.

The chirping effect will now be analyzed in terms of B4
with the same DFQW structures analyzed earlier. In order
to facilitate discussion, the spectra of Bmoq, An with Ak
together, and a(F = 0, 100 kV/cm) are shown in Fig. 2(a)—(c),
respectively, for Ly = 30 A and F' = 100 kV/cm. An apparent
feature shows that there are three dispersible singularities in
the Bmoa spectrum, which implies that the spectrum of Ak
has crossed the zero point (Ak = Aa = 0) three times.
At these points, (oq should theoretically tend to oo since
the material mainly contributes to electrooptic effect without
any change in electroabsorption. The reason the singularities
in the present calculation do not tend to infinity is due to
finesse. So far infinite chirping (wavelength chirp to infinity)
have not yet been observed, however, it is expected that G104
is large but finite rather than infinite in magnitude. On the
other hand, between any two consecutive singular points Fmoq
must crosses zero. This denotes that An = 0 while Aa
remains finite and non-zero; the material now attributes mainly
to electroabsorption with no contribution to the electrooptic
effect. The sign of G04 depends on that of An and Ac, and
there are two possible cases to be considered as follows. First,
for Bmoa > 0, which occurs in certain wavelength ranges, both
parameters (An, Aa) are negative. When An is negative, the
phase modulation is negative, and since A« is also negative, it
improves the transparency so that more light can be transmitted
out. Therefore, this implies a relatively larger intensity of the
output light with a phase reduction. Second, for Smoa < 0,
An and Aa are in opposite signs with An < 0 and Aa > 0,
this results in a reduction of the output light intensity with
a phase increment. In addition the sign of Smoq changes as
the zero points are crossed, since Aa changes sign while An
keeps the same sign. An interesting feature to note at around
Anpin when the slope of An changes sign from negative to
positive in the range from A = 780-782.5 nm, respectively,
the light signal with an increasing positive slope of n will
blue-shift in energy and that with a decreasing negative slope
of An will red-shift in energy. Therefore an input light pulse,
centered at the above minimum point of An and spread within
the respective wavelength range will be compressed, thus this
can be used in pulse compression applications. Fig. 2(c) shows
the residence loss as a reference; it is also seen that the heavy-
and light-hole exciton peaks mix together and undergo a red
shift when F' = 100 kV/cm. It brings a large A« at 779.5 nm
for application in light intensity modulations.

In order to have a high-performance modulator based on
electroabsorption, only a selected range of wavelengths cov-
ering Aamax is taken into consideration. Table I shows the
wavelength positions of the chirping singularities for several
cases of Lg and at two fields. The operation wavelength, Aqp,
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Fig. 2. (a) The chirping coefficient Bmoa for Alg 3Gag.7As/GaAs with
L. =100A, Ly =30 A and F' = 100 kV/cm. Three dispersible singularities
in the spectrum between 785 and 805 nm. (b) An (solid line) and Ak (dot
line) for the same structure as in (a). (c) The absorption spectra of the case
Lg=30 A with F = 0 (solid line) and ¥ = 100 kV/cm (dot line).

is taken at the respective exciton absorption peaks with field
for Ly = 0-20 A and without field for L; = 30 and 40 A,
which are far enough from the nearest chirping singularity.
The modulation OFF-state is taken at the unbias state (F' = 0)
for Ly = 0-20 A and at the bias state (F' # 0) for Ly =
30 and 40 A. As Ly increase, the wavelength of Aopax
as well as the chirping singularities undergo a blue shift
because the bandgap energy of the DFQW increase [S]. In
the case of F' = 100 kV/cm, both Aa(),p) and Bmed(Aop)
fluctuate between Ly = 0 and 30 A. As a whole Aa(),,)
always increases with respect to the square QW case. In fact,
Aa(Xop) increases by one and half times for the case of
Ly = 10 A and by two fold for the case of Ly = 30 A
while the |Bmod(Aop)| is halved at Ly = 10 A, with respect to
those of Lq = 0. Therefore an improved modulation, doubled
Aa(Asp) and halved |Bmoa(Aop)l, can be obtained with an
increased but acceptable residence loss (1163.5 900)/900 =
29% for the case of Ly = 10 A. Above all, it is worth
noting that when the interdiffusion further increases to Ly =
40 A, only a halved applied field (50 kV/cm) is required to
produce a Ay, similar to that in the case of Ly = 30 A (but
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TABLE 1
THE WAVELENGTH (Nm) OF THE SINGULARITY OF Bmod, LE.,
Achirp—sing» AND THE PROPOSED OPERATION WAVELENGTH, Aop,
AND ITs CORRESPONDING a( F'), a(F = 0), Aa, AND Broq
ARE SHOWN FOR SEVERAL Lg’s AND F' = 100, 50 kV/cm.

Lg A 0 10 20 30 40
operation state unbias unbias unbias bias bias

F kV/em | 100 100 100 100 50
Achirp-sing nm 873.5 862.0 828.0 790.5 761.5
)‘DP nm 862.1 848.0 819.5 779.5 757.8
aF{lzlnp) lem | 10540 16246 11288 2174 2286
Grolhop) | Vem | 900 1164 1268 18907 17551
Aa(A=Aop) l/em | 9640 15083 10020 16733 15265
B,,M(l=kop) — —0.815 -0.402 -0.687 0.620 0.520

still double to that of square QW). This reduces the voltage
swing by half to operate the device. The DFQW may also be
applied as a tunable intensity-type modulator with wavelengths
ranged from 758-874 nm (AX = 116 nm) by varying the
interdiffusion (different L4’s).

In conclusion, we have analyzed the electrooptic effect in
DFQW’s where results indicate a larger variation in Anmax
for a smaller field while a stronger and an almost constant
Anpmay is found for the larger field case. The phase modulation
properties due to these effects in the DFQW’s suggest some
types of multi-wavelengths application can be realized by
means of fabricating planar integrated multi-section modu-
lators/detectors on a single substrate through the technique
of selective area interdiffusion. However care must be taken
in the DFQW design, such to choose the best interdiffusion
length and electric field. For example at Ly = 10 and 40 A
with applied field F = 100 kV/cm and F = 50 kV/cm,
respectively, the DFQW’s provide large electroabsorption and
less chirping in a selected range of wavelengths. These make
the DFQW’s become competitive as an electroabsorption
modulator. Finally, the performance of these DFQW devices
may be further improved by optimizing the DFQW structure
and together with the use of strained layered QW materials.
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