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The design of electroabsorption modulators with negative chirp and very low
insertion loss
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Abstract: Electroabsorption modulators (EAMs) with negative chirp and very low insertion loss are numerically
designed with asymmetric intra-step-barrier coupled double strained quantum wells (AICD-SQWs) based on In-
GaAlAs material. For this purpose, the electroabsorption coefficient is calculated over a range of wells layer strain
from compressive (CS) to tensile (TS). The chirp parameter and insertion loss for TE input light polarization are
evaluated from the calculated electroabsorption spectra, and their Kramers–Krönig transformed refractive index
changes. The results of the numerical simulation show that the best range of left and right wells strain for EAMs
based on AICD-SQWs with negative chirp and very low insertion loss are from 0.032% to 0.05% (TS) and�0:52%
to �0:50% (CS), respectively.
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1. Introduction

Electroabsorption modulators (EAMs) are among the most
important components of fiber-optical communication devices
and systems, because of their small size, low driving voltage,
low chirp, high extinction ratio, high modulation efficiency,
and wide modulation bandwidth. In addition, due to matching
of material systems, EAMs can be easily integrated with other
optical components, such as semiconductor lasers, semicon-
ductor optical amplifiers, and attenuators, in contrast to modu-
lators made in for instance LiNbO3

Œ1; 2�.
For the long-haul high-speed fiber optic communication

system typically working at a 1.55 �m wavelength, the prod-
uct of the square of the bit rate and the transmission distance
is limited by the modulator’s chirp parameter and the fiber dis-
persionŒ3; 4�. The fiber dispersion will broaden the signal pulse
width when the modulated light signal travels through the op-
tical fiber. As the transmission distance increases, the pulse
width will keep broadening and eventually become indistin-
guishable by the receiver, therefore bit error happens. To com-
pensate the fiber dispersion of the conventional single mode
fiber and to achieve wider bandwidth or higher bit rate optical
signal transmission, EAMs with negative chirp parameter are
desirable. However, most multiple-quantum-well EAMs gen-
erate positive chirp parameters. As a result, the reduction of
chirp parameter without the outlay of a low insertion loss and
high extinction ratio is an important issue for EAMs with both
asymmetric and strained layer quantum wellsŒ5�12�.

An AICD-SQW structure in the active region has become
the structure of choice for EAMs due to their improved ex-
tinction ratio and reduced insertion loss and chirp through ap-
plied strain, in comparison with the intra-step-barrier quantum
well (IQW) structureŒ13�16�. With this new AICD-SQW, we
analyzed chirp parameter and insertion loss with 0.05% ten-
sile and 0.52% compressive strains for the left and right wells,

respectively. The tensile and compressive strains in the AICD-
SQW resulted in a zero chirp parameterŒ13�. This paper intends
to investigate the effects of strain in the well layers on the chirp
parameter and the insertion loss in the AICD-SQWs. The simu-
lation results show that negative chirp and very low insertion
loss can be achieved simultaneously.

2. The asymmetric intra-step-barrier coupled
double strained quantum well structure

A schematic conduction band diagram of the active region
for the AICD-SQW structure is shown in Fig. 1Œ13�. The un-
doped AICD-SQW structure consists of 100 Å In0:52Al0:48As
barriers and a 40 Å In0:53Ga0:33Al0:14As intra-step-barrier,
which are lattice matched to InP. The asymmetric coupled
wells system consists of a In1�xl�ylGaxlAlylAs left well and
a In1�xr�yrGaxrAlyrAs right well, separated from each other
by 15 Å thick In0:52Al0:48As as the narrow barrier. The thick-
nesses of the left and right wells are taken to be 68 and 35 Å,
respectively. The direction of a positive electric field F is de-
fined as shown in Fig. 1.

Using ternary well materials, we extract the strain effect
of the well layers on the chirp parameter without varying the
quantum confinement effect. The modulator length and optical
confinement factor are taken to be 200 �m and 0.15, respec-
tivelyŒ14�.

3. The electroabsorption spectrum

The field-dependent absorption spectrum ˛(h�) of the
AICD-SQW structure, as shown in Fig. 1, is related to the
imaginary part of the dielectric constant, "i (h�), given asŒ13�

˛.h�/ D
2�

�0nr
"i.h�/ D

!

cnr
"i.h�/; (1)
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Fig. 1. AICD-SQW conduction band diagram.

where �0, c, and nr are the free-space wavelength of incident
light, the speed of light in vacuum, and the refractive index,
respectively. ˛.h�/ in Eq. (1) can be defined as:

˛.h�/ D ˛.h�/band C ˛.h�/exciton: (2)

The first term is due to the band-to-band transitions and the
second term is due to the excitonic transitions. The electroab-
sorption coefficient of the band-to-band transitions between
nth subband electrons and mth subband holes is written as:

˛.h�/band D
e2

"0m2
0cnr!Lz

�

„2

Z
M 2

nm.E/

� L.h� � E � Eg � Ee
n � Eh

m/dE; (3)

where "0 is the dielectric constant, m0 the free-electron mass,
Lz the effective thickness of the AICD-SQW, Eg the energy
gap, � the reduced mass for the motion in the xy plane, and
„ the reduced Planck constant, respectively. Here, we assume
L.y/ to be a Lorentzian line shape function with a zero-field
FWHM of 10 meV.

The quantity Mnm.E/ is .�pcv/ jInmj, where � is the polar-
ization vector, PCV is the momentum matrix element between
the conduction band and valence band Bloch functions, and
jInmj is the overlap integral between the conduction and va-
lence subbands wave functions.

Ee
n.k/ and Eh

m.k/ are the electron and hole energy levels
and wave functions, respectively, calculated by the TMM so-
lution for the AICD-SQW structureŒ15�.

For the calculation of the contribution of exciton transi-
tions between the nth subband electron and the mth subband
hole, the exciton equation in momentum space is solved nu-
merically using the Gaussian quadrature method for 1s exciton
stateŒ13�.

The exciton oscillator strength for this state is defined as:

fX D
2

m0EX

ˇ̌̌̌Z
d 2k

.2�/2
�X
nm.k/Mnm.k/

ˇ̌̌̌2

; (4)

where �X
nm.k/ is the exciton envelope wave function in mo-

mentum space andEX is the transition energy for the 1s exciton
state. The exciton binding energy is given by

EB D EX � Ee
n � Eh

m � Eg: (5)

So, the electroabsorption coefficient of an exciton transi-
tion is written as

˛.h�/exciton D
�e2„

nr"0m0cLz

X
X

fX L.h� � EX /: (6)

4. Frequency chirp and chirp parameter

Chirp can eventually limit the transmission performance
due to the accompanied dynamic spectral broadening. The fre-
quency chirp of an optical modulator makes reference to the
instantaneous variation of the optical carrier frequency upon
intensity modulation for a modulated lightwaveŒ17�.

The frequency chirp of the modulator output is determined
from the time varying phase of the output optical field by

��.t/ D
1

2�

d�.t/

dt
: (7)

For a dielectric material, its optical properties can be char-
acterized by its complex refractive index, nr – jni. In EAMs,
light modulation is through the change in absorption coeffi-
cient, i.e. the change in the imaginary part of the refractive in-
dex, ni.

The imaginary part of the refractive index, ni.t/, is related
to the power absorption coefficient of the modulator, ˛.t/,

ni.t/ D
�0

4�
˛.t/: (8)

The change in the phase of the output optical field with
time leads to the instantaneous frequency shift, i.e. frequency
chirp,

��.t/ D
1

2�

d�.t/

dt
D

1

2�

˛H

2Iout.t/

dIout.t/

dt
; (9)

where Iout.t/ is the intensity of the output optical field. There-
fore, the frequency chirp of an optical intensity modulator is
characterized by the chirp parameter, which is defined as the
ratio of the changes in the real part of refractive index, nr, and
the imaginary part, ni, of the electroabsorption active layer due
to an applied voltage. Thus, the chirp parameter ˛H of the EAM
is defined by

˛H D
�nr

�ni
D

4�

�0

�nr

�˛
: (10)

In principle, the change in the real refractive index�nr can
be obtained from the change in absorption coefficient �˛ by
the Kramers–Kronig relationŒ18�:

�nr .�0; F / D
�2

0

2�2
P

Z 1

0
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�2
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�2
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�2
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d�

�
;

(11)

where P stands for the Cauchy principal value and F is the
electric field. The chirp parameter depends only on the elec-
troabsorption material and not on the waveguide structureŒ19�.
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Fig. 2. Absorption coefficient as a function of left well layer strain at
� D 1.55 �m.

Therefore, knowledge of the absorption spectrum of the EAM
is required for characterizing the chirp parameter and fre-
quency chirp. Since the chirp parameter is related to the slope
of refractive index change versus absorption coefficient change
curve, a negative chirp parameter is achieved with negative
sign of the refractive index change and a positive sign of the
absorption coefficient change, or vice-versa. Thus, the basis of
an approach to achieve negative signs in the refractive index
change and the chirp parameter lies in varying the shape of the
electroabsorption spectra.

5. The insertion loss parameter

The insertion loss of EAM is composed of three sections,
such as reflection loss at the facets, coupling loss from/to the
optical fiber, and optical propagation loss. Propagation loss is
the main contributor to insertion loss. It mainly depends on
waveguide scattering loss, free carrier absorption loss and EA
material residual absorption lossŒ20�. Insertion loss due to resid-
ual absorption, IL, is given by

IL D 4:343� ˛0L (dB); (12)

where ˛0 is the static electroabsorption coefficient in the ON
state. The insertion loss increases very quickly as the wave-
guide length increases. Values of IL up to 2.5 dB are desirable
for electroabsorption optical modulators.

6. Numerical simulation results and discussion

In the present section, firstly we examine the effect of
strain in the left well layer from compressive to tensile, with
a fixed right well strain of –0.52% (CS) on the chirp parameter
and insertion loss in EAMs with an AICD-SQW active layer
for different values of applied electric field (F / between 0 and
120 kV/cm at � D 1.55 �m. For this purpose, the electroab-
sorption coefficient has been calculated. Figure 2 illustrates the
strain dependence of the absorption coefficient for TE input
light polarization. In the figure, an increase in the electric field
decreases the peak value of the absorption coefficient and shifts
the peak position towards the tensile strain side. The tensile
strain of the left well layer enhances the absorption in higher
electrical fields.

Fig. 3. (a) Calculated absorption coefficient changes, �˛. (b) Calcu-
lated refractive index changes, �nr, as a function of the left well layer
strain at � D 1.55 �m.

The �˛ as a function of the left well layer strain at � D

1.55 �m was obtained from the calculated absorption curves
for different values of the applied electric field by subtracting
its values for different electrical fields from that for the low-
est non zero electrical field. Figure 3(a) shows the absorption
coefficient changes, �˛, of the AICD-SQW in the presence
of applied electric fields. A large negative �˛ can be seen at
around 0.2% compressive strain (CS) due to the reduction in
the oscillator strength for the lowest state subband excitons.
Furthermore, the positive peak value of �˛ moves towards the
tensile strain side when the electric field increases. Once �˛ is
known, the change in the refractive index �nr is calculated by
the Kramers–Kronig relation.

Figure 3(b) illustrates the calculated refractive index
changes as a function of the left well layer strain. At strain val-
ues near –0.22% and from –0.05% to 0.05%, the refractive in-
dex change is extremely low (nearly zero) over all the applied
electrical fields. Therefore, EAM at � D 1.55 �m indicates a
negative chirp parameter due to a negative sign of the �nr and
a positive sign of the �˛.

Figure 4 illustrates how �nr varies with �˛ for different
strain values of the left well layer at � D 1.55 �m. We can see
from this figure that, in the compressive values of the left well
layer strain, both�˛ and�nr become negative (Fig. 4(a)). But
for the tensile strain values, as �˛ increases, �nr decreases.
Eventually, �nr becomes negative (Fig. 4(b)).

From the �nr versus �˛ curve, the chirp parameter ˛H
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Fig. 4. (a) �nr versus �˛ for different compressive strain values. (b)
�nr versus �˛ for different tensile strain values of the left well layer
at � D 1.55 �m.

can be obtained by using Eq. (10). The ˛H is relative to the
slope of the �nr versus �˛ curve. Figure 5 illustrates the cal-
culated chirp parameters of the EAMs with the AICD-SQW as
a function of the left well layer strain at � D 1.55 �m. The
negative values of the chirp parameter can be achieved over a
range of the left well layer tensile strain from 0.02% to 0.05%
for a 120 kV/cm value of applied electric field (Fig. 5(b)).

Figure 6 shows the calculated insertion loss as a func-
tion of the left well layer strain at � D 1.55 �m. It is evident
from this figure that, in the tensile values of the left well layer
strain above 0.032%, insertion loss becomes very low, less than
2.5 dB. Since values of insertion loss up to 2.5 dB are desirable
for electroabsorption optical modulators, a left well layer ten-
sile strain above 0.032% will be very suitable for EAM with
very low insertion loss. As a result, the best range of the left
well strain for EAMbased onAICD-SQWswith negative chirp
and very low insertion loss will be from 0.032% to 0.05% (TS).

Now we investigate the influence of strain in the right well
layer from compressive to tensile with a fixed left well strain
of 0.05% (TS) on the chirp parameter and an insertion loss in
EAMs with an AICD-SQW active layer for different values of
applied electric field (F / between 0 and 120 kV/cm at � D

1.55 �m.
Figure 7 illustrates the calculated chirp parameters of

EAMswith the AICD-SQWas a function of the right well layer
strain at � D 1.55�m.As we can see, the negative values of the
chirp parameter can be achieved over a range of the right well
layer strain from –0.52% (CS) to 0.1% (TS) for a 120 kV/cm

Fig. 5. (a) Chirp parameter ˛H versus left well layer strain at � D

1.55 �m for different values of applied electric field. (b) An enlarged
image of Fig. 5(a).

Fig. 6. Calculated insertion loss versus left well layer strain at � D

1.55 �m for different values of applied electric field.

value of applied electric field.
Figure 8 shows the calculated insertion loss as a function

of the right well layer strain at � D 1.55 �m. It is evident from
this figure that over a range of the right well layer compres-
sive strain from –0.88% to –0.50%, insertion loss becomes low,
less than 2.5 dB. Furthermore, we see that the insertion loss
increases very quickly as the value of the right well strain de-
creases. Therefore, it is determined that the best range of the
right well strain for EAM based on AICD-SQW with nega-
tive chirp and very low insertion loss will be from –0.52% to
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Fig. 7. Chirp parameter ˛H versus right well layer strain at � D

1.55 �m for different values of applied electric field.

Fig. 8. Calculated insertion loss versus right well layer strain at � D

1.55 �m.

Fig. 9. Calculated normalized transmission versus applied electric
field at � D 1.55 �m.

–0.50% (CS).
Figure 9 indicates the estimated normalized transfer curves

of the EAMs for two AICD-SQW structures. In the AICD-
SQW1 structure, the well layers have zero strain. The left and
right wells of the AICD-SQW2 structure contain 0.05% tensile
and 0.52% compressive strain, respectively.

7. Conclusion

In this paper, EAMs with negative chirp and very low in-
sertion loss were numerically designed with an AICD-SQW
active layer based on InGaAlAs material. The electroabsorp-
tion coefficient was calculated over a range of AICD-SQW
strain from compressive to tensile. The chirp parameters and
insertion loss for TE input light polarization were evalu-
ated from the calculated electroabsorption spectra and their
Kramers–Krönig transformed refractive index changes. The re-
sults of the numerical simulation showed that the best range
of the left and right wells strain for EAM based on AICD-
SQWs with negative chirp and very low insertion loss are from
0.032% to 0.05% (TS) and –0.52% to –0.50% (CS), respec-
tively.
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