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Abstract

Band-edge absorption spectra from bulk, quantum-well, and quantum-well-intermixed InGaAsP material are collected and compared
using photocurrent spectroscopy. The expected performances of ideal electroabsorption modulators fabricated from these materials are
predicted and compared using the band-edge absorption data. A graphical method for simultaneously considering chirp, insertion-loss,
extinction-ratio, and tuning range is presented, and is used to compare the suitability of the various materials for electroabsorption mod-
ulator applications. The quantum-well material is shown to be superior to bulk material for most EAM applications. Quantum wells with
85 meV conduction band depth and 80 Å width are shown to be superior to quantum wells with 120 meV conduction band depth and
65 Å width. Both well designs exhibit strong excitons. Finally, the effect of quantum-well intermixing is considered, and the expected
performances of quantum-well-intermixed electroabsorption modulators are presented.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Electroabsorption modulators (EAM) are key compo-
nents in modern fiber-optic communication systems. Dis-
crete EAMs can be co-packaged with lasers to form
integrated transmitter modules, but EAMs monolithically
integrated with semiconductor lasers are now commercially
available at both 1550 nm and 1310 nm. A wide variety of
methods have been used for monolithic integration of
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lasers with EAMs on InP, including asymmetric twin wave-
guides (ATG) [1,2], quantum well intermixing (QWI) [3,4],
identical active layers [5], offset quantum wells [6], dual
quantum wells [7,8], butt-coupling regrowth [9,10] and
selective area regrowth (SAG) [11]. With growing demand
for bandwidth, increasingly complex photonic integrated
circuits (PICs) that include EAMs are under development
[6].

Regardless of the integration platform, the optimal per-
formance of the modulator is ultimately limited by the
band-edge absorption characteristics of the material from
which it is fabricated. Therefore, a comprehensive knowl-
edge of the band-edge absorption characteristics of various
ption modulator performance predicted ..., Solid State Electron
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Fig. 1. Block diagram of the photocurrent spectroscopy test bench.
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EAM materials is mandatory. Insights into the relationship
between band-edge absorption spectra and EAM perfor-
mance are also vital for optimal EAM design.

The fundamental property requisite in an EAM material
is that an applied bias will change the band-edge absorp-
tion spectrum. This property can be induced in InGaAsP
by two distinct mechanisms. One of these mechanisms is
the Franz–Keldysh effect, and occurs in bulk material.
An electric field is applied to the bulk material so that
the electron and valence energy bands are tilted. The
carrier wavefunctions can tunnel into the tilted bands
so that lower energy photons can excite an electron into
the conduction band [12]. Thus, under a reverse bias, the
absorption spectrum of the bulk material shifts to
longer wavelengths. The electroabsorption coefficient of
this Franz–Keldysh mechanism can be approximated for
weak fields using Airy functions [13]. The other mechanism
commonly used for InP EAM modulators is the quantum
confined Stark effect (QCSE), which occurs in quantum
well structures. Carriers are confined to the quantum wells,
and the electron–hole pairs form excitons at room temper-
ature, even in the presence of electric fields. The exciton
binding energy manifests itself in the QW band-edge
absorption spectrum as an absorption-peak (exciton peak).
When an electric field is applied, the conduction and
valence bands are tilted, altering the shape of the potential
well. The altered well potential results in a reduced overlap
of electron and hole wavefunctions, and the magnitude of
the exciton peak is reduced. The energy levels of the elec-
tron and hole are also reduced, and lower energy photons
can be absorbed [14]. Therefore, under a reverse bias, the
absorption spectrum of the QW structure shifts to longer
wavelengths.

In this work, the band-edge absorption spectra of bulk,
quantum-well (QW), and QWI InGaAsP materials grown
on InP are obtained by a photocurrent spectroscopy tech-
nique [15–19]. The band-edge absorption characteristics of
these structures are compared and contrasted, and are
related to the predicted performances of ideal EAMs fabri-
cated from similar epitaxial structures. An ideal EAM is
assumed to operate without undesirable second order
effects such as saturation, or heating. Photocurrent spec-
troscopy data does not yield insight into the effects of heat-
ing or saturation because the photodiodes are
characterized using very low light intensity. The photocur-
rent is less than 1 lA, and neither heating nor saturation is
present. In general, small amounts of heating are expected
to red-shift the modulator band-edge. Saturation is unde-
sirable in EAMs because the build up of carriers reduces
both extinction and RF performance. A well-designed
EAM should be free from saturation in its operating
regime (carriers are easily swept out of the active region
by the electic field), and therefore predictions made from
band-edge absorption data are expected to be accurate.

The validity of using photocurrent spectroscopy data to
predict modulator characteristics such as extinction and
chirp has been demonstrated previously [18,19]. Kim
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et. al. have also demonstrated the use of electroabsorption
spectroscopy for accurate prediction of various modulator
characteristics [20].

To correctly describe EAM performance, many charac-
teristics must be simultaneously examined. The insertion-
loss of an EAM should be as low as possible to avoid optical
power attenuation. The extinction-ratio should be large, to
keep the bit-error-rate (BER) low, and to reduce power pen-
alty. For many telecommunications applications, the large
signal chirp should be low, or preferably negative, to com-
pensate for the dispersive properties of the optical fiber. A
large wavelength tuning range is also desirable for applica-
tions such as uncooled (i.e., wavelength variable) transmit-
ters [21], or broadly tunable transmitters [22]. In this paper,
we combine photocurrent spectroscopy predictions with
novel graphical analysis to simultaneously consider EAM
tuning range, chirp, extinction, and insertion-loss. A com-
prehensive comparison of the suitability of various different
materials to EAM applications is thereby enabled.
Although the data presented in this paper are for a finite
number of epitaxial structures, the results and trends from
these structures offer insights into a wider range of possible
designs.
2. Experiment

2.1. Photocurrent spectroscopy

In this work we employ a Varian Cary 500 spectro-
photometer as the wavelength-tunable light source. The
Cary 500 has a wide UV/Vis/NIR bandwidth ranging
from 175 nm to 3000 nm. The photodiode is connected to
a Keithly 2400 L–V source meter that scans across a range
of reverse biases. A 3 kHz chopper samples the spectropho-
tometer optical source and an EG&G 5210 lock-in ampli-
fier is used to reject leakage current and other noise. A
1 mm diameter aperture samples light from the spectropho-
tometer beam, and input light is calibrated using a New-
port1835 C optical power meter. The entire system is
automated. A basic diagram of the apparatus is shown in
Fig. 1.

The photocurrent data is converted to a measure of elec-
trons per second or equivalently the number of photons
absorbed per second. The incident optical power is known,
ption modulator performance predicted ..., Solid State Electron



Fig. 2. Cross sectional view of a simple photodiode used for photocurrent
spectroscopy.
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and is scaled down appropriately to account for absorption
in the contact layer and reflection from the air/semiconduc-
tor surface. Weak optical interference between the contact
layer and underlying semiconductor was noted during
transmission and reflection measurements using the Cary
500 spectrophotometer, and these weak interference effects
were taken into consideration during calibration of the
optical input. Calculation of absorption is performed using

aabs ¼ � ln
P in � P c

P in

� ��
L ð1Þ

where aabs is the power absorption per unit length of mate-
rial, Pin is the number of photons entering the photodiode
per second, Pc is the number of photons per second ab-
sorbed and measured as photocurrent, and L is the length
of the absorbing material.

2.2. Epitaxial structures

The band-edge absorption spectra of three distinct epi-
taxy layer structures are considered in this paper. Each
structure contains a slab-waveguide suitable for fabrication
of ridge-waveguide components. The first structure employs
a 3500 Å (i.e., bulk) InGaAsP absorbing layer with a band-
edge of 1.395 lm (1.395Q). Due to the thick nature of the
absorbing material, this structure exhibits the Franz–
Keldysh effect, and is therefore useful for EAM applica-
tions.

The second structure considered in this paper consists of
15 compressively strained 80 Å wells and 16, 80 Å barriers
centered in a 1.1Q waveguide. The conduction band depth
in the wells is approximately 85 meV. These wells exhibit a
photoluminescence peak (k-PL) of 1554 nm. There are
650 Å of unintentionally doped material on either side of
the wells. Quantum well structures exhibit the Quantum
Confined Stark Effect and are therefore useful for EAM
applications.

The final distinct structure contains 10 compressively
strained 65 Å wells and 11, 80 Å barriers all centered within
a 1.3Q waveguide. The conduction band depth in these
wells is approximately 120 meV. These wells exhibit a
k-PL of 1556 nm. There are 1050 Å of unintentionally
doped material on either side of these wells. The net width
of unintentionally doped material in each QW structure is
similar, thus the two structures exhibit similar electric fields
across their wells.

Each of the QW structures has been subjected to various
degrees of QWI. The characteristics of these QWI struc-
tures are also considered in this paper.

2.3. Photodiode fabrication

Prior to the fabrication process, parts of the QW sam-
ples are blue-shifted by QWI. Initially, each structure con-
sists of the waveguide beneath a 15 nm InP layer, 20 nm
1.3Q etch stop, and a 450 nm InP implant buffer layer. A
5000 Å SixNy mask layer is deposited on the samples,
Please cite this article in press as: Morrison GB et al., Electroabsor
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and is selectively removed to define areas for QWI. A
100 keV, 5e14 cm-2 dose of P+ is implanted into the buffer
layer. Regions protected by the 5000 Å of SixNy remain
implant-free, and therefore do not experience QWI. Rapid
thermal annealing at 675 �C is performed to drive point
defects from the implant buffer layer through the quantum
wells [3]. The magnitude of the blue-shift is controlled by
the anneal time. Multiple band-edges are obtained on a sin-
gle sample by annealing to the desired blue-shift, selectively
removing the ion implant buffer layer, and then further
annealing the sample. Areas that have had the buffer layer
removed remain at a fixed wavelength throughout subse-
quent annealing, whereas areas retaining the implant buffer
layer are blue-shifted further.

The fabrication process for each material is identical.
Circular photodiodes ranging from 50 lm to 400 lm in
radius are patterned on each sample (the data presented
in this paper were obtained using 250 lm photodiodes).
A reactive-ion etch process is used to etch through the
waveguide and active region of the material. A 2000 Å
SixNy layer is deposited over the sample, and circular vias
are etched into the SixNy to expose the mesa contact lay-
ers. Ti/Pt/Au ring contacts are deposited on top of the
mesas. The photodiodes are designed for operation with
very small (often less than 1 lA) photocurrent, therefore
resistance caused by the ring contact does not constitute
a significant voltage drop. Finally, the samples are thinned
and back-side metalized. A 30 s contact anneal at 420 �C is
performed to reduce ohmic resistance and avoid schottky
barriers. The photodiodes are mounted and wire bonded
on AlN carriers. The fabrication process for these absorp-
tion-edge spectroscopy photodiodes can be completed very
rapidly with minimal effort, making absorption-edge spec-
troscopy a useful and realistic tool for assisting in the
design of optimized photonic integrated circuits. Fig. 2
shows a side-view of a typical photodiode for photocurrent
spectroscopy.

Some samples were grown on Fe-doped substrates
rather than n-type substrates. For samples on Fe-doped
substrates, vias are opened on the top side for the n-con-
tacts. These Fe-doped samples do not require back-side
ption modulator performance predicted ..., Solid State Electron



Fig. 4. Band-edge absorption spectra for the 80 Å QW structure at
various applied biases. Also shown are the blue-shifted band-edge
absorption spectra obtained from the same structure after different
amounts of QWI. Each absorption-edge has been measured with biases
ranging from 0 V to �6 V in �0.5 V steps.

Fig. 5. Band-edge absorption spectra in the 65 Å quantum-well structure
at various applied biases. Also shown are the blue-shifted band-edge
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metallization for the n-contact, and heating is not an issue
with such very small photocurrents. Interestingly, samples
without back-side metallization produce about 35% more
photocurrent than their back-side metalized counterparts,
and did not result in predictions consistent with modula-
tors fabricated from the same material. Furthermore,
back-side metal deposition reduces the photocurrent in pre-
viously unmetalized devices by 35%. The explanation for
this phenomenon is that without back-side metallization,
a fraction of light is scattered from the back-side of the
sample and is able to pass through the absorbing region
of the photodiode a second time. The back-side metalliza-
tion and annealing process eliminates the back-scattering
effect, and the subsequent photocurrent data has been
shown to agree well with actual modulator performance
[18,19].

2.4. Data and observations

Figs. 3–5 show the band-edge absorption spectra for
bulk material, 80 Å wells, and 65 Å wells, respectively. In
Figs. 4 and 5, the band-edge absorption spectra of the
QWI materials are also presented. An exciton peak is
clearly visible in QW structures. In contrast, there is no
exciton peak in the bulk absorption-edge. The Stark shift
in the 80 Å wells is much larger than that in the 65 Å wells,
and the excitons in the 80 Å wells decay much faster than
the excitons in the 65 Å wells. These simple observations
are in excellent agreement with previous experiments and
well-known absorption-edge theory [23].

The blue-shift associated with QWI occurs when group
V atoms diffuse across the as-grown QW compositional
boundaries, causing the QWs to develop rounded edges
and become wider, shallower, and more parabolic. The
exciton peaks in Figs. 4 and 5 decay more rapidly in the
intermixed QWs than in the as-grown QWs. This weaken-
ing of the exciton is consistent with decreased carrier con-
finement in the intermixed wells.
Fig. 3. Absorption-edge in bulk material. Data is shown ranging from 0 to
�6 V in �0.5 V steps.

absorption spectra obtained from the same structure after different
amounts of QWI. Each absorption-edge is shown for a range of different
bias voltages separated by 0.5 V steps.
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The data in Figs. 4 and 5 provide a unique opportunity
for simple observations comparing the effect of QWI on the
band-edge absorption spectra of different QW structures.
The maximum QWI blue-shift that was obtainable in the
shallower 80 Å wells of Fig. 4 was only 70 nm, compared
to the 108 nm shift of the narrower, deeper wells in
Fig. 5. It is evident that the structure and eigenenergies
of the deeper, narrower wells of Fig. 5 are more susceptible
to QWI than the shallower, wider wells of Fig. 4. This dif-
ference in response to the intermixing process occurs for
two reasons. First, the deeper wells have a larger composi-
tional difference at the well boundary, which enhances dif-
fusion of group V atoms between the well and the barrier,
resulting in a larger perturbation to the well structure. Sec-
ondly, the diffusion process originates from the material
ption modulator performance predicted ..., Solid State Electron
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composition interface at the edges of the well, so that the
diffusion process has greater influence throughout the nar-
row well. The center of the wider well is further from the
material interface, and thus less susceptible to the diffusion
process.

The optical loss in intermixed material has been shown
previously [24] to depend exponentially on how far the
material is intermixed from operation wavelength. This
phenomenon is clearly observable in Figs. 4 and 5. The
degree of absorption at 1550 nm for the passive (1436 nm)
material in Fig. 5 will be less than the absorption of the pas-
sive (1472 nm) material in Fig. 4. Furthermore, the 0 V
absorption for the deeper, narrower well approaches zero
as a function of wavelength faster than the 0 V absorption
of the wider, shallower well. Thus, from a passive material
insertion-loss perspective, the deeper wells of Fig. 5 may
have a significant advantage.

3. Analysis and results

3.1. Calculations

In this paper, scattering losses and other process-depen-
dent insertion-losses are not included in the analysis. The
insertion-loss considered in this paper is simply the loss
due to absorption when the modulator is at its smallest bias
(i.e., the optical power ‘‘on’’ state). The extinction is the
ratio, in dB, between the ‘‘off’’ state and ‘‘on’’ state of
the modulator. The chirp parameter measures the relation-
ship between change in signal amplitude and change in car-
rier frequency. Low or negative chirp values are desirable
as they are necessary to counter the dispersion inherent
to optical fiber [25].

The absorption-edge data in Figs. 3–5, are easily manip-
ulated to predict EAM extinction. The low input optical
power used in the photocurrent spectroscopy experiments
makes the predictions valid for optimally designed, ideal
devices, in which second order effects such as heating, con-
tact resistance, saturation and optical scattering are pre-
sumed negligible. The extinction (dB) as a function of
wavelength and voltage is determined by

z ¼ 10 logðeaabsCLeff Þ ð2Þ
where C is the overlap integral between the optical mode
and the absorbing material, L is the effective length of
the device, and aabs is the material absorption, which is a
function of wavelength and voltage. In previous work
[18,20], DC extinction predictions have been shown to
agree well with data from real EAM devices fabricated
from the same material. Any wavelength-independent er-
rors (e.g., scattering, measurement of optical input) in
determination of a in Eq. (1) would simply mean that pre-
dictions from Eq. (2). are correct but for a slightly different
modulator length. For example, a 10% overestimation of
aabs would mean that extinction predictions are actually
for a modulator 10% shorter in length than the one consid-
ered. Similarly, errors in estimation of optical confinement
Please cite this article in press as: Morrison GB et al., Electroabsor
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(C) would result only in an inversely proportional error in
the stated modulator length. The sum of measurement er-
rors and errors in estimation of optical confinement are
estimated to be less than 10%.

Starting with a change in absorption as a function of
bias and wavelength, changes in index of refraction as a
function of bias and wavelength are easily obtained using
the Kramers–Kronig transform,

Dnðk0;DV Þ ¼ k2
0

2p2
P
Z 1

0

Daabsðk;DV Þ
k2

0 � k2
dk ð3Þ

where Dn is the change in index of refraction at wavelength
k0 due to a bias change DV, and P indicates the principle
value of the integral. Of course, Eq. (2). is also a function
of V0, the bias point at which DV is centered. The singular-
ity at k = k0 is avoided using the transformation described
by Henry et al. in [26]. Note that the denominator in the
Kramers–Kronig transform acts somewhat as a filter, so
that the absorption near k0 make the greatest contribution
to the index of refraction near k0, whereas the absorption
values further from k0 make much smaller contributions.
Data used in Eq. (3) covered the entire range over which
significant changes in absorption were measured as a func-
tion of voltage (i.e., Da � 0 outside the data range). With
knowledge of Dn and Daabs the large signal chirp is calcu-
lated as

bc ¼
4p
k

Dn
Daabs

ð4Þ

where it is understood that the change in absorption and
index are a function of wavelength, bias voltage, and mag-
nitude of voltage change. The absolute magnitude of
absorption, as obtained in Eq. (1) is not necessary to accu-
rately determine the chirp using Eq. (4); thus any wave-
length and voltage independent errors in determining a
have no effect on calculated bc. In previous work [19], we
have demonstrated that chirp predicted from photocurrent
spectroscopy measurements agrees with measured chirp in
devices fabricated from identical material.
3.2. Presentation of EAM characteristics

In order to compare the suitability of various materials
for EAM device performance, one must simultaneously
consider chirp parameter, insertion-loss, and extinction, as
well as the wavelength range over which these parameters
are satisfactory. Figs. 6–8 present large signal (DV = 2V)
chirp (bc) as a function of bias (V0) for four different wave-
lengths (k0) spanning a range of 30 nm. In Figs. 6–8, two
separate low or negative chirp operating points are clearly
marked for each wavelength (e.g., in Fig. 6, for each wave-
length (k0), bc = 0.4 and bc = 0.85 operating points are
marked with stars on the chirp (bc) vs. voltage (V0) line).
The insertion-losses and extinction-ratios, in dB, at each
of the marked operating points, are plotted against a
secondary y-axis on the same graph. The extinction and
ption modulator performance predicted ..., Solid State Electron



Fig. 6. Projected large signal chirp for a 125 lm modulator using 1.385Q
bulk material having a 60% overlap with the optical mode. The lines
curving downwards to the left are chirp as a function of voltage for four
different wavelengths spanning 30 nm. Operating points for bc = 0.85 and
bc = 0.4 are marked on each of these wavelength lines. Insertion-losses
and extinction-ratios at these same operating points of bc = 0.85 and
bc = 0.4 are also marked. Operation with negative chirp and acceptable
insertion-loss and extinction is clearly not possible with this device.

Fig. 7. Projected large signal chirp for a 125 lm modulator using 80 Å
85 meV wells having a 9% overlap with the optical mode. The lines curving
downwards to the left are chirp as a function of voltage for four different
wavelengths spanning 30 nm. Operating points for bc = 0.0 and bc = �0.7
are marked on each wavelength line. Insertion-losses and extinction-ratios
at the bc = 0.0 and bc = �0.7 operating points are also marked. Clearly,
negative chirp is readily available over a full 30 nm tuning range.

Fig. 8. Projected large signal chirp for a 125 lm modulator using 65 Å
120 meV wells having a 9% overlap with the optical mode. The lines
curving downwards to the left are chirp as a function of voltage for four
different wavelengths spanning 30 nm. Operating points for bc = 0.0 and
bc = �0.7 are marked on each wavelength line. Insertion-loss and
extinction-ratios at the bc = 0.0 and bc = �0.7 operating points are also
marked. This device suffers from larger insertion-loss, smaller wavelength
tuning range, and higher operating biases than the device in Fig. 7.
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insertion-loss markers are connected by lines to highlight
the trend in extinction and insertion-loss as a function of
wavelength for a given chirp. With these graphs, one can
simultaneously examine chirp, extinction, and insertion-
loss as a function of wavelength and voltage. These novel
figures simplify the evaluation of predicted EAM device
performance.

Fig. 6 shows the predicted performance of the 1.385Q
bulk material. Fig. 7 shows the predicted performance of
the as-grown (i.e., not intermixed) 80 Å wells, and Fig. 8
Please cite this article in press as: Morrison GB et al., Electroabsor
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shows predicted performance for the as-grown 65 Å wells.
The calculations for each of Figs. 6–8 assumed a modulator
length of 125 lm. The confinement factor C was set at 9%
for the QW structures, whereas C for the bulk material
(Fig. 6) was set at 60%. These parameters reflect realistic
values of actual devices, i.e., bulk materials have much lar-
ger overlaps [6] with the optical mode than QW material
[27]. The overlap integral, C, scales the insertion-loss and
extinction (Eq. (2)), but it does not affect the chirp param-
eter. Thus, for a given material, larger values of C will
allow design of shorter EAMs. Shorter devices are prefera-
ble for high speed modulation in lumped element designs.
Bulk material, however, has much lower absorption than
QW material, so the higher value of C in bulk EAMs does
not automatically allow shorter device length or higher
extinction than in QW EAMs.

In each of Figs. 6–8, the detuning of the operating wave-
lengths from the modulator absorption-edge was chosen to
allow maximum wavelength range with low or negative
chirp. In Figs. 7 and 8, trends of insertion-loss and extinc-
tion as a function of wavelength clearly infer that moving
to longer or shorter wavelengths will not improve perfor-
mance. Longer wavelengths require much higher bias volt-
ages, and shorter wavelengths introduce prohibitive
insertion-loss. The wavelengths examined in Fig. 6 are
unusually close to the modulator absorption-edge com-
pared to bulk EAMs that are integrated with lasers using
offset quantum-well technology [28]. The operating wave-
lengths in Fig. 6, do, however, highlight the difficulty of
obtaining low chirp in a bulk device, regardless of integra-
tion platform (chirp is lower nearer the absorption-edge).

When interpreting Figs. 6–8, it is important to recall
that for consistency and ease of comparison, all three sim-
ption modulator performance predicted ..., Solid State Electron
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ulated devices have lengths of 125 lm. Naturally, different
epitaxy layer structures will be better suited to longer or
shorter modulator lengths. Insertion-loss, for instance,
can be greatly reduced by shortening the length of the
device. Unfortunately, shortening the device also scales
the extinction-ratio by the same amount as the insertion-
loss. It is therefore important to consider the ratio between
insertion-loss and extinction. Ideally, the insertion-loss
should be much smaller than the extinction.

Figs. 6–8 compare values assuming a 2 V p–p drive sig-
nal. Depending on the application, larger or smaller drive
signals could be used; the intent here is to demonstrate
trends that offer insight into a broader spectrum of possible
modulator designs and operating points.

The QW structures discussed in this paper were grown
for use in integrated laser/EAMs, where the EAM portion
is blue shifted by QWI. Thus the wavelengths considered
for modulators fabricated from the as-grown wells are rel-
atively long. Similar wells with the same characteristics
could easily be grown for operation at shorter wavelengths.
The effects of QWI on modulator performance are consid-
ered later in this paper.
3.3. Analysis and explanation of EAM performance

Comparison of Figs. 6–8 highlight the importance of
choosing a suitable material structure when designing an
EAM. The device fabricated from bulk material, shown
in Fig. 6, exhibits relatively high (�10 dB) insertion-losses,
even at a positive chirp of 0.4. The insertion-losses for
bc = 0.4 operating points in Fig. 6. are as large, or larger,
than the available extinction-ratios, making operation at
bc = 0.4 difficult. At a chirp of bc = 0.85, operation with
extinction that is significantly larger than insertion-loss is
possible, but only at the longer wavelengths. Operation at
even longer wavelengths would decrease insertion-loss,
but would increase chirp and decrease extinction (although
the decreased extinction can be countered with greater
modulator length). The wavelength range in Fig. 6 was
chosen to demonstrate the futility of trying to obtain neg-
ative chirp in a simple bulk device. Larger extinction with
lower insertion-loss is obtainable with bulk material in
longer devices operated at wavelengths that are further
from the modulator absorption-edge [6,28]. These longer
devices suffer from large positive chirp parameters. Nega-
tive chirp with acceptable insertion-loss and extinction is
unattainable with bulk material in a simple EAM. A rela-
tively complex dual modulator configuration has been pro-
posed to reduce chirp in bulk EAMs [29].

Fig. 7 demonstrates that an 80 Å QW structure will out-
perform bulk material. Chirp of 0 to �0.7 is available
across a full 30 nm range, with much higher extinction-
ratios and acceptable insertion-losses (<10 dB). Operating
points for 0 to �0.7 chirp exhibit much larger extinction
ratios than insertion-losses for the full 30 nm range. Excel-
lent performance similar to that predicted in Fig. 7 has
Please cite this article in press as: Morrison GB et al., Electroabsor
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recently been reported in an EAM modulator designed
using the same QWs [19].

Given that the 80 Å QWs of Figs. 4 and 7 are more suit-
able for EAM design than the bulk material of Figs. 3 and
6, one might assume that higher confinement and stronger
excitons (i.e., more ‘‘quantum-well like’’ quantum wells)
would lead to even better performance. Such an assump-
tion is shown to be false in Fig. 8. The operating points
in Fig. 8 have unacceptably high insertion-losses, especially
for the bc = �0.7 operating points. A shorter device would
reduce insertion-loss, but would also reduce extinction. A
reduced extinction is unacceptable because the ratios of
insertion-loss to extinction in Fig. 8 are much less favorable
than those in Fig. 7. In Fig. 8, much higher bias voltages,
V0, are required for low or negative chirp operation. As
demonstrated by the wide spread of operation points rela-
tive to the x-axis, larger biases are also necessary to operate
at longer wavelengths. Operation with �0.7 chirp is not
possible at the longest (1611 nm) wavelength, even with a
bias of �6 V. High voltages cause power inefficiency and
heating and should be avoided.

Although modulator of Fig. 8 is difficult to operate at
negative chirp, the 65 Å QW material from which it is fab-
ricated exhibits a very pronounced exciton peak (Fig. 5).
Thus, for applications tolerating positive chirp at a fixed
wavelength, high extinction efficiencies in a relatively short
device are feasible with large drive signals.

For the bulk material modulator of Fig. 6, increased
voltages do not lower chirp beyond a certain bias point.
In contrast, higher bias voltages, V0, always result in lower,
or more negative chirp for the QW materials of Figs. 7 and
8. The change in absorption-edge in these materials is actu-
ally a function of electric field rather than applied voltage.
The electric field across the bulk material or quantum wells
depends on the doping scheme in and around the wave-
guide. It is therefore highly desirable to design a structure
that allows strong electric fields across the wells as a func-
tion of voltage, provided that the fields are less than break-
down strength. By increasing the available range of electric
field in the wells, the bias voltage is reduced, and extinction
efficiency is increased. Furthermore, negative chirp at
longer wavelengths becomes attainable with more accept-
able bias. In overly wide or shallow wells, however, high
fields will destroy the exciton, and the structure will begin
to exhibit less desirable properties similar to that of bulk
material [30].

Our experimental results, which indicate that an 80 Å
well has better negative chirp characteristics than a
65 Å well, are in keeping with purely theoretical calcula-
tions [31]. Slightly wider wells could further improve per-
formance, but as demonstrated in Figs. 4 and 5, excitons
are more easily quenched in wider wells, and in a well
that is too wide the material properties will become
bulk-like.

Deeper wells will have greater exciton strength, and
might allow for shorter devices, but deeper wells are also
more likely to suffer from saturation or poor RF perfor-
ption modulator performance predicted ..., Solid State Electron



Fig. 9. Projected large signal chirp on a 2 V p–p signal for the 80 Å
material after intermixing by 40 nm from 1548 nm to 1508 nm. The
performance at 0 chirp is not significantly different from the as-grown
material. Chirp of �0.7 is also available across the full range of
wavelengths but the extinction vs insertion-loss ratio for bc = �0.7 is
not as favorable as it was for the as-grown material (Fig. 7).

Fig. 10. Projected large signal chirp on a 2 V p–p signal for the 80 Å
material after intermixing by 76 nm from 1548 nm to 1472 nm. The
bc = �0.7 ratio of extinction to insertion-loss is poor for the entire range
of wavelengths, and both the extinction-ratio and insertion-loss have
significantly decreased.
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mance due to increased carrier escape times. The times for
carrier escape by thermionic and tunneling mechanisms
increase with increased well depth. Various mechanisms
[5,32] have been proposed in order to maximize carrier
sweep out time with minimal electric field, but such design
considerations are beyond the scope of this paper.

The fact that negative chirp can be obtained in QW
modulators, but not in bulk material modulators, stems
from the presence of an exciton peak in the QW band-edge
absorption spectra. The Kramers–Kronig integral (Eq. (3))
can be broken into a sum of two parts [31,33]: wavelengths
longer than the operating wavelength (k0), and wavelengths
shorter than the operating wavelength (k0). The part that is
longer than the operating wavelength has a negative
numerator and contributes negative values to the calcu-
lated change in index (ideal for negative chirp). The part
that is at wavelengths shorter than the operating wave-
length has a positive numerator, and contributes to positive
index change (for positive absorption change). The numer-
ator in the Kramers–Kronig transform of Eq. (3) also acts
as a sampling window so that Da near the wavelength in
question make the most significant contributions to Dn.
In bulk material, the large positive contribution from the
short wavelength part of the Kramers–Kronig integral gen-
erally results in an overall net positive index change and
hence a positive chirp, even in regions very close to the
band-edge where insertion-loss is prohibitively high. In
contrast, the QW band-edge absorption spectra have exci-
ton peaks governed by the QCSE so that Daabs of Eq. (3)
changes sign as a function of wavelength. This change in
sign results in a short wavelength part of the Kramers–
Kronig integral for Dn that is relatively small in magnitude
compared to the negative, long wavelength part of the inte-
gral. Thus, with proper design, negative chirp is attainable
with low insertion-loss, at lower voltages (V0) [5], and over
broad tuning ranges [34].

3.4. Quantum-well-intermixed material performance

The QWs discussed in this paper were also blue-shifted
by QWI, as shown in Figs. 4 and 5. The QWI process is
an ideal approach for monolithically integrated laser-
EAM modulators [24,35]. The effect of QWI on modula-
tor characteristics such as chirp, extinction, and insertion-
loss, has not previously been investigated in depth. In
Figs. 3 and 4, QWI reduces the magnitude of the exciton
peak, and increases the decay of the exciton as a function
of applied bias. It is therefore important to consider the
effect that QWI will have on the performance of a QWI
modulator.

In the case of both the 65 Å and 80 Å wells, the effect of
QWI on modulator performance was detrimental, but in
no way prohibitive. Figs. 9 and 10 show chirp, extinction,
and insertion-loss for the 80 Å wells intermixed by 40
and 76 nm, respectively. The range of biases (V0) necessary
to obtain negative chirp across a 30 nm range do not signif-
icantly change in the QWI wells. Intermixing by an amount
Please cite this article in press as: Morrison GB et al., Electroabsor
(2006), doi:10.1016/j.sse.2006.10.013
suitable for a modulator, e.g., 40 nm, results in no real
change in expected modulator performance at 0 chirp.
For bc = �0.7, however, the insertion-loss increases notice-
ably, and the ratio of extinction to insertion-loss is less
favorable, especially at longer wavelengths. Intermixing
to the maximum extent possible (76 nm) results in very sig-
nificant reduction of the exciton peak (Fig. 4) and as a
result both the extinction and insertion-loss are signifi-
cantly reduced. In the highly intermixed material,
(Fig. 10) the bc = �0.7 insertion-loss is approximately
equal to the extinction-ratio across the entire range of
wavelengths. This degradation in performance is due to
the weakening of the exciton peak by the QWI process.
ption modulator performance predicted ..., Solid State Electron
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One possible method for improving the characteristics
of the intermixed material would be to slightly increase
the depth of the 80 Å wells. A deeper well would have bet-
ter carrier confinement, and the intermixed material should
then have an absorption-edge more similar to the as-grown
material of Fig. 5.
4. Conclusion

The band-edge absorption spectra intrinsic to several
different epitaxial layer structures have been collected by
photocurrent spectroscopy. These band-edge absorption
spectra have been used to predict the optimal conceivable
performance of modulators fabricated from similar materi-
als. Negative chirp appears unattainable in bulk EAMs
that rely on the Franz–Keldysh effect. Negative chirp is
attainable in QW structures, but 80 Å wells exhibit negative
chirp over a wider tuning range and at lower biases than
65 Å wells, which is in keeping with theoretical predictions.
The wider 80 Å wells were also shallower than the 65 Å
wells, but the exciton peak was nonetheless resolvable at
high biases, so that operation with negative chirp is attain-
able over a wide range (30 nm) of wavelengths. Wells that
are much wider than 80 Å, or wells that are too shallow,
will become increasingly ‘‘bulk-like’’, and will be poor can-
didates for EAM design. The optimum band-edge absorp-
tion spectra for an EAM modulator has maximum Stark
shift with minimum exciton decay, thereby enabling high
extinction as well as negative chirp over a wide tuning
range. For optimal performance, the material should be
incorporated into an EAM waveguide so as to maximize
overlap with the optical mode and maximize the bias
induced electric field.

QWI lowers carrier confinement and reduces the exciton
peak, and therefore reduces modulator performance. The
degree of quantum QWI necessary for optimal modulator
absorption-edge placement, however, is small enough that
the performance of QWI EAMs is acceptable. For QWI
applications requiring passive material, the shallower
80 Å wells discussed in this paper may be less suitable than
the 65 Å wells because the band-edge of the 85 Å wells can-
not be blue-shifted as far as the narrower, deeper, 65 Å
wells.

For fabrication of PICs in which passive waveguide
regions are necessary, QWI has one significant advantage
over other integration platforms. QWI PICs can be
designed with EAMs having band-edges with relatively
small blue-shifting from the lasing wavelength. The passive
regions of the PIC can then be intermixed further [3] to
minimize loss outside the modulator. In contrast, integra-
tion platforms that allow only two band-edges may need
to compromise with EAM material that is detuned further
from the lasing wavelength, thereby minimizing loss in
‘‘passive’’ waveguide regions. A modulator with larger
detuning will, in general, result in higher biases, lower
extinction, and larger chirp.
Please cite this article in press as: Morrison GB et al., Electroabsor
(2006), doi:10.1016/j.sse.2006.10.013
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