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Abstract—As the demand for bandwidth increases, the commu-
nications industry is faced with a paradigm shift. Photonic inte-
gration is a key technology that will facilitate this shift. Monolithic
integration allows for the realization of highly functional optical
components, called photonic integrated circuits. Herein, we discuss
the advantages and potential applications of photonic integration,
and after a brief overview of various integration techniques, pro-
vide a detailed look at our work using a novel quantum well inter-
mixing processing platform.

Index Terms—Ion implantation, laser tuning, semiconductor
lasers, wavelength division multiplexing (WDM).

I. INTRODUCTION

MONOLITHIC integration of optoelectronic components
is the key to realizing low-cost, high-functionality de-

vices that have the capability to revolutionize the communica-
tions industry. Although not a new concept, monolithic inte-
gration of various optical functions now appears to be feasible,
and perhaps the only way to truly revitalize the optical compo-
nent industry. With today’s technology, the generation, detec-
tion, modulation, switching, and transport of light on chip en-
ables cost reduction, but it will also allow for a new generation
of high functionality photonic integrated circuits (PICs) with re-
duced size and power dissipation.

Of course, monolithic integration has already occurred in the
electronics industry, allowing the once discrete transistor, re-
sistor, and capacitor to reside on the same chip, the electronic
integrated circuit (IC). The advent of the IC allowed for elec-
tronic devices to be smaller and cheaper than their discrete coun-
terparts, and most importantly, gave rise to a set of high func-
tionality ICs that discrete components could not emulate. The
field of optoelectronics faces a similar shift from discrete to in-
tegrated components, where the concepts and potential payoffs
are similar to that in the electronics industry, yet the monolithic
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integration of optoelectronic components cannot be compared
so simply to that of electronic devices.

Currently, the majority of optoelectronic components in use
in the field are of a discrete nature. That is, each component is
designed to perform one specific task. In practice, several com-
ponents with differing functions are then interconnected, typi-
cally via fiber splices, in order to achieve the desired operation.
This method has one advantage in that each component is opti-
mized for one specific function, enabling that device to perform
its task flawlessly. However, there are several shortcomings in-
volved with this method of system construction. One is the dif-
ficulty in coupling light on and off each discrete chip. Advances
in the coupling between the semiconductor chip and a fiber optic
cable using mode converters is a significant step in reducing the
coupling loss, yet it is still a dominant source of optical loss.
Another is the expense involved with the discrete packaging of
each component. The packaging of optoelectronic devices is the
major cost source for the component.

A reduction of the packaging cost can be accomplished by
using a method called copackaging. Copackaging involves
the integration of discrete optoelectronic chips within the
same package. Each component is still fabricated discretely
and is designed for one specific task. However, the coupling
problem continues to exist, although it is device-to-device not
device-to-fiber.

A. Benefits of Photonic Integration

The monolithic integration of the optoelectronic devices on
the same chip offers the potential to completely eliminate the
device-to-device coupling problem. This can provide a signif-
icant reduction in packaging cost and package size as well as
increased reliability and reduced power dissipation. Increased
reliability results from the elimination of possible mechanical
movements amongst the elements of an optical train and the
reduced driving currents allowed by the reduction in optical
coupling loss between elements. The power dissipation is re-
duced for this same reason. Furthermore, the potential for high
functionality components such as widely tunable transmitters
and chip scale wavelength conversion devices will open new
avenues for wavelength division multiplexing (WDM) appli-
cations such as dynamic provisioning, reconfigurable optical
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Fig. 1. Various techniques for achieving active and passive sections orthogonal to the growth direction.

add/drop multiplexers (ROADMs), wavelength routing, and op-
tical packet switching.

The potential drawback, however, is the fact that each com-
ponent must now be fabricated on the same chip, and to do so is
technologically difficult. Compromises in device performance
or increases in fabrication complexity must be avoided or at least
minimized. There are several techniques that have been used in
the past, such as the use of offset quantum wells, butt-joint re-
growth, selective area growth (SAG) and quantum-well inter-
mixing (QWI) to enable numerous components to be formed on
the same chip with a common fabrication process. However, be-
fore trying to evaluate the advantages of these approaches, we
will review the requirements and present some general guide-
lines for monolithic integration.

B. Guidelines for Photonic Integration

There are some general requirements that must be fulfilled
when monolithically integrating optoelectronic components.
First, each integrated component must function as intended.
The performance of each integrated device does not necessarily
have to meet the performance characteristics of a discrete
component, but must still operate in a way that is suitable for
the operation of the circuit as a whole. The second requirement
states that the operation of one device must not adversely effect
the operation of another. This stems from the fact that each
component in an integrated circuit, whether it be electronic or
optoelectronic, should be isolated from the other components
on chip and function as if it were a discrete component. These
requirements allow for the design of PICs using optoelectronic
building blocks, that is, discrete components that share a
common growth and processing platform that can be arranged
in such a way that a more complex device or PIC can be
obtained.

There are also a few general guidelines to bear in mind when
implementing a method for monolithic integration. First, the

method used should not be prohibitively time consuming or ex-
pensive. This is the key to realizing the cost reduction over ex-
isting discrete components. Second, the integration should not
lead to device compromises. This is a difficult task due to the
fact that each discrete device was designed with a single func-
tion in mind and, therefore, the device structure evolved on an
individual basis. However, as stated earlier, the integrated com-
ponent must only perform as intended, it does not necessarily
need to match the performance of a discrete device. This affords
some flexibility in the design of the device in terms of the device
structure, possibly allowing devices with differing functionali-
ties to be fabricated using the same growth and processing plat-
form. Lastly, the process complexity should remain constant as
the number of integrated components increases. An additional
processing step or the substitution of one step for one that is
more complex can increase the manufacturing cost and, in the
case of complex processing/growth can lead to yield reduction.
A review of some of the integration methods used in the past are
given in the following section.

II. INTEGRATION BACKGROUND

There has been some great success in producing simple PICs
based on various methods. As illustrated in Fig. 1, such methods
include, but are not limited to, a butt-joint regrowth technique
[1], selective area growth (SAG) methods [2], the use of an offset
quantum-well active region [3], and QWI [4]–[7]. The first, butt-
joint regrowth involves the selective removal of waveguide core
material followed by the regrowth of an alternate waveguide
core using different material composition. This process is inher-
ently difficult involving a precise etch of the original waveguide
core, followed by a regrowth of waveguide material with com-
position and thickness variables.

Another process, the SAG process, involves the selective
growth using a mask. In this process, a mask is patterned on the
surface of the wafer prior to epitaxial growth. The geometry of
the mask has a role in determining the growth near the vicinity
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of the mask and can be used to obtain different compositions
and thickness across the wafer. This method is useful in fabri-
cating several quantum-well band edges across the wafer, but
due to the fact that the thickness is inherently coupled with
the band edge in these regions, the optical confinement factor
cannot be independently optimized.

The use of offset quantum wells, where the quantum wells
are grown above the waveguide and selectively removed in
various regions post-growth, has been used with great success
in fabricating various integrated structures, sampled-grating
distributed Bragg reflector (SG-DBR) lasers with integrated
electro-absorption modulators (EAMs) [8], SG-DBR lasers
with integrated semiconductor optical amplifiers (SOAs) [9],
SG-DBR lasers with integrated Mach-Zehnder modulators [10],
optical receivers, and wavelength converters. The drawback
of the offset quantum-well method, however, is the limitation
of each integrated component to one of two band edges, not
allowing for the flexibility necessary for the fabrication of
complex, high-performance PICs.

QWI has been used in the past to fabricate a multitude of de-
vices. There are a great deal of techniques that have evolved over
the years to accomplish selective intermixing, such as impu-
rity-induced disordering (IID) [11], impurity-free vacancy-en-
hanced disordering (IFVD) [12], photoabsorption-induced dis-
ordering (PAID) [13], and implantation-enhanced interdiffusion
[14] to name just a few.

QWI makes use of the metastable nature of the compositional
gradient found at heterointerfaces. The natural tendency for ma-
terials to interdiffuse is the basis for the intermixing process.
The rate at which this process takes place can be enhanced with
the introduction of a catalyst. Using a lithographically definable
catalyst patterning process, the QWI process can be made selec-
tive. This is the process by which virtually all selective QWI is
performed, whether it is by the introduction of impurities or by
the creation of vacancies.

We have developed a method to further control the QWI
process, to achieve any number of quantum-well band edges
in the structure. The method is based on the selective removal
of the catalyst. This process fits ideally with the suggested
guidelines for monolithic integration. It is not prohibitively
time consuming or expensive, it is versatile enough that is
does not lead to device compromises, and the process com-
plexity remains simple such as not to increase cost or decrease
yield. Using this method we have fabricated short-cavity DBR
lasers with integrated modulators, widely-tunable multisection
SG-DBR lasers with integrated modulators, and chip-scale
wavelength converters.

The various QWI techniques all benefit from their relative
simplicity; however the flexibility of each is not equal. For ex-
ample, the IID technique commonly uses dopants as the impu-
rity to accelerate intermixing. This can have a detrimental effect
on the electrical nature of the device. Another example involves
the method that the technique is applied. For instance, the IFVD
and implantation enhanced intermixing techniques can be ap-
plied to full device structures or partially grown epitaxial base
structures. Asserting that there are several methods by which
QWI can be applied, the degree of desired flexibility determines
the combination of technique and method used.

III. METHOD FOR INTEGRATION

As described earlier, a technique that offers great potential
for large scale monolithic integration is QWI. A unique QWI
processing platform was developed to fulfill the requirements
and guidelines for monolithic integration. In the following sec-
tion, the QWI processing platform is described, the process de-
tails given, and the characterization methods and results will be
presented.

A. QWI Processing Platform

In this paper, we employ the implant-enhanced interdiffusion
technique, which relies on the diffusion of point defects created
during an ion implantation. This method has also been shown
to have good spatial resolution, and be controllable using an-
neal time, temperature, and implant dose [14]. Wide ranges of
implant energies have been used in this process from the mega-
electronvolt range down to tens of kiloelectronvolts. Commonly,
these implants are performed on full lasers structures, where the
vacancies are created in the upper cladding, and must diffuse
long distances before reaching the quantum wells. Although
this is not detrimental to the intermixing itself, the device per-
formance may be hindered due to the redistribution of dopants
which control the electrical nature of the device. This can be
avoided by using a partially grown laser structure with a sac-
rificial cap layer, which can be subsequently removed, and the
upper cladding regrown as described in [15]. While [15] demon-
strated such a concept, the process was not optimized, as mul-
tiple implant and anneal cycles were required to achieve signif-
icant intermixing.

The implant dose can be used to control the extent of inter-
mixing using a single anneal step [7]. Such an effect would allow
the formation of several band edges across the wafer, which is
useful for the monolithic integration of several optoelectronic
components. However, to achieve three band edges, two ion
implants are required. With the majority of ion implants being
farmed out to specialty houses, the task can be time consuming
and expensive. Furthermore, each additional desired band edge
requires an additional ion implant, a process that begins to show
limitations.

The QWI method developed in this paper uses the selective
removal of the vacancies created during the ion implant to ef-
fectively halt the intermixing process at the desired level. This
method requires a single ion implant followed by a rapid thermal
anneal. The extent of intermixing can be controlled using the
anneal time. Once the desired band edge is reached, the anneal
is stopped and the vacancies are removed in that region. The
anneal is then continued until the desired band edge is reached
another section, at which point the vacancies are removed in
this section. As will be shown, this process can be repeated to
achieve any number of band edges across the wafer.

B. QWI Process Details

The epitaxial base structure was designed, not only to perform
intermixing experiments, but also to facilitate the fabrication of
DBR based lasers. In this respect, the base structure was de-
signed with multiple stop etch layers to allow access to the high
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Fig. 2. Epitaxial base structure with both seven or ten quantum-well active
region and 4500 �A InP implant buffer layer.

field region of the optical mode, which allows for the formation
of the high index contrast gratings used in the DBR mirrors.

The base structure, shown in Fig. 2, was grown on a
sulfur doped InP wafer using a Thomas Swan horizontal
flow rotating-disc metal-organic chemical vapor deposition
(MOCVD) reactor. The base structure consists of seven 6.5-nm
quantum wells, eight 8.0-nm barriers, sandwiched between
120-nm-thick 1.3Q (InGaAsP m) layers, making
up the waveguide layer. The MQW active region was designed
to have an emission wavelength of 1560 nm. Above the wave-
guide, a 15-nm InP stop etch layer, and a 20-nm 1.3Q stop etch
layer was followed by a 450-nm InP layer. The top most InP
layer, herein called the implant buffer layer, was designed to
capture a low energy ion implant, thereby creating vacancies
far from the MQW active region.

The base structure was subjected to an ion implant using
at an energy of 100 keV, yielding a range of 90 nm, with a dose
of 5E14 cm . The substrate temperature during the implant
was held at 200 C to aid in point defect(s) formation [5].

The unique intermixing process was investigated using
several samples cleaved from an implanted base structure, as
described in the previous section. These samples were annealed
at 675 C for various times ranging from 30 to 300 s at 30-s
intervals and the extent of the intermixing was measured by
room-temperature photoluminescence. As the point defect(s)
front moves through the quantum-well region, the blue-shift
increases linearly. Once the point defect(s) front has moved
through the quantum-well region the blue-shifting ceases. This
saturation of the blue-shift can be observed above 120 nm ,as
shown in Fig. 3. After the 30-, 60-, 90-, 120-s anneals, the
implant buffer layer was removed from the respective samples.
These samples were then subjected to additional anneal cycles.
We found that removing the implant buffer layer halted the
blue-shift during these anneals. The arrest of the blue-shift
is the result of the removal of the abundance of vacancies,
necessary for intermixing, along with the implant buffer layer.

Fig. 3. Peak photoluminescence peak shift as a function of anneal time,
showing the initial linear increase in the peak shift and the complete halting
of the peak shift for samples for which the implant buffer layer has been
etched. Symbols indicate nonimplanted (triangles), implanted (circles), and
samples with partial anneal followed by the removal of the implant buffer layer
(squares).

With this process, it is possible to achieve any number of band
edges across the wafer, limited only by the practical number of
lithographic process steps [16].

C. QWI Characterization

In order to characterize the intermixed quantum-well mate-
rial, several experiments have been performed to investigate
properties and extract parameters that have implications for
PICs. The modal loss of the QWI material is an important
parameter in the design of PICs. It is shown in the following
section that the waveguide modal loss of QWI material is
inversely proportional to the extent of intermixing. Another
important aspect of the intermixed quantum wells has to do
with the quantum confined Stark effect (QCSE). We have ob-
served a strong exciton peak in the intermixed quantum wells;
we also show for the first time the shift of the exciton peak as a
function of reverse bias. We show that the QWI material is an
ideal candidate for negative chirp parameter electroabsorption
modulators by relating the change in absorption to the change
in refractive index through the Kramers–Kronig relation.

Using active/passive devices, where the passive region is
composed of intermixed quantum wells, the modal loss can be
extracted. This is done by plotting the differential efficiency of
the active/passive device as a function of passive region length.
The passive waveguide loss was measured for several sets of
devices each with a different magnitude of photoluminescence
shift. The modal loss of the structure is dependent on the con-
figuration of the waveguide; the modal loss is dependent on the
optical mode overlap with sources of loss. In this experiment,
active/passive buried ridge stripe (BRS) Fabry–Perot (FP) laser
devices were tested under pulsed conditions, initially with a
passive waveguide length of 2500 m, cleaved back in steps
of 500 m. The active/passive laser differential efficiency
was extracted from laser light versus current measurements,
assuming equal reflectivity for the front and back facet. Once
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Fig. 4. Differential efficiency of active/passive lasers as a function of passive
region length. Symbols indicate data with passive region photoluminescence
peaks at 1428 (circles), 1448 (triangles), 1485 (squares), and 1488 nm
(diamonds). Solid lines are curve fits used for extracting passive region modal
loss, 1.5 (circles), 2.3 (triangles), 6.4 (squares), and 6.7 cm (diamonds).

Fig. 5. Passive region modal loss as a function of photoluminescence peak
wavelength. Solid line indicates an exponential curve fit, while symbols indicate
modal loss data extracted from active/passive lasers.

the all-active BRS, FP lasers have been pulse tested and the
laser characteristics extracted, the theoretical active/passive
differential efficiency can be plotted as a function of passive
region length and the modal loss computed [7]. Fig. 4 shows
data and curve fits for several sets of active/passive devices
each with a different magnitude of intermixing applied. The
passive region loss was plotted as a function of photolumines-
cence peak wavelength, shown in Fig. 5. An exponential curve
provides a good fit with the data. As evident from Fig. 5, the
passive region modal loss is strongly dependent on the relative
position of the intermixed band edge. The modal loss in the
passive region can be minimized by maximizing the magnitude
of intermixing.

It was implied that QWI material be used in the SG-DBR
mirrors that are used to create the cavity of the widely-tun-
able SG-DBR laser. Here, intermixed quantum wells are used as
the tuning medium, where quantized energy states remain. The

Fig. 6. Experimental tuning curve for samples with differing extents of
intermixing. Symbols indicate wavelength shifts of 1475 (circles), 1446
(squares), and 1423 nm (triangles).

presence of quantized energy states allows the mirror to achieve
a high tuning efficiency in a small volume of material. This is
made possible by a more efficient band filling mechanism re-
sulting from the step-function density of states [17].

The carrier induced refractive index change can be measured
by biasing the gain region of an SG-DBR laser below threshold
and observing the shift of the transmission notches as a func-
tion of injected current. Once the wavelength shift is found as a
function of current injection, the wavelength shift can be trans-
lated to refractive index shift using the following:

(1)

The variables in (1) indicate the change in modal group re-
fractive index the modal group index in the untuned wave-
guide the change in wavelength and the initial wave-
length . We have previously shown that intermixed quantum
wells provide sufficient refractive index shift by carrier injec-
tion to cover the full tuning range of the SG-DBR laser [16].
Fig. 6 shows the tuning results for three magnitudes of inter-
mixed quantum wells.

Another simple tool for extracting material band edge absorp-
tion is photocurrent spectroscopy. The band edge absorption
data can be exploited for design, optimization and performance-
analysis of QWI integrated laser-modulators. We also present
a detailed characterization of the evolution of band-edge ab-
sorption as a function of the degree of QWI in InGaAsP–based
quantum wells. The ability to directly measure the QWI band
edge, and to use this measurement for analysis of potential trans-
mitter designs, will enable the engineering of superior, highly
optimized integrated laser-modulator transmitters for telecom-
munications applications.

The photodiodes used in our photocurrent spectroscopy ex-
periments are simple devices that can be rapidly fabricated for
material characterization. The QWI process, as described ear-
lier, is used to create three band edges on a single wafer—one
as-grown and two intermixed. Each of the intermixed regions
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Fig. 7. Cross-sectional side view of a typical photodiode structure.

are blue-shifted by a different amount. The three band edges are
referred to quantitatively by the wavelengths, in nanometers, of
their photoluminescence peaks.

Once each band edge was patterned, circular mesas ranging
from 50 to 400 m in radius were etched. The mesa etch is
performed by reactive ion etching through the waveguide and
into the -type substrate. Some devices are grown on semi-in-
sulating substrates, in which case reactive ion etching is used
to remove the active region and waveguide, after which a wet
etch is used to stop on the contact InGaAs layer. A 2000-
layer of SiNx is deposited by plasma-enhanced chemical vapor
depostion (PECVD), and circular vias are patterned onto the
mesas. Ti/Pt/Au ring contacts were deposited. The contacts are
annealed at 410 C for 30 s. Devices are wire bonded to AlN car-
riers. Fig. 7 shows a schematic of the simple photodiodes used
in photocurrent spectroscopy experiments.

The photodiodes were characterized using a Varian Cary 500
spectrophotometer. A description of the test apparatus is given
in [18]. Simple calculations are performed to extract an absorp-
tion coefficient from the photocurrent data. Measured incident
power is reduced to account for reflection and -contact absorp-
tion, and is converted to units of photons/s. Light incident to the
photodiode surface is transverse-electric (TE) polarized. Trans-
verse-magnetic (TM) light is not considered because in-plane
laser devices operate with TE polarization. We have determined
that back-scattered light is negligible due to scattering and ab-
sorption by the Ti/Pt/Au backside contact. The measured pho-
tocurrent is converted to electrons/second, and each electron is
the result of one absorbed photon. Absorption is then obtained
as

(2)

where is the input power in photons per second, is the
output photocurrent in photons per second, and is the total
length of quantum-well material through which the light passes.

Fig. 8 shows representative band edge measurements ob-
tained by photocurrent spectroscopy. The epitaxial material
used for devices shown in Fig. 7 contained seven 65- com-
pressively strained quantum wells and eight 80- barriers
sandwiched between two 120-nm waveguides. The effect of
QWI on the exciton peak is made clear by comparison of the
band edges for the photodiodes fabricated from the as-grown

Fig. 8. Power absorption versus wavelength for as-grown and two regions
whose quantum wells are intermixed to different levels.

MQW material versus those fabricated from intermixed MQW
material. The diodes were biased from 0 to 6 V in 0.5
V increments. The band edges shown in Fig. 8 have photo-
luminescence peaks at 1537, 1483, and 1429 nm. As
the degree of intermixing increases, and the exciton peaks
shift to shorter wavelengths, the exciton magnitude decays
significantly. With increased intermixing, the exciton peaks
also decay more rapidly as a function of applied bias voltage.

The intermixing process results in group V atoms diffusing
across the as-grown material boundaries, causing quantum wells
to develop rounded edges, and become wider and shallower.
This is consistent with the observed behavior of the exciton
peaks, which are expected to decay more rapidly with applied
voltage when the quantum wells are made shallower by QWI.

Absorption band edge data, such as that shown in Fig. 8,
offer great potential for use in optimizing, analyzing, and un-
derstanding laser-EAM transmitters and photonic integrated cir-
cuits. Later in this paper, predictions of device performance are
made using the absorption band edge data. These predictions
are compared directly to the performance of actual laser-EAM
transmitters. The predictions are shown to be in good agreement
with the data.

IV. INTEGRATED DEVICES

In this section, several of the active component integrated
devices will be introduced and discussed. These devices make
use of the QWI method discussed in the previous sections.
Described herein are the short-cavity DBR laser with integrated
electroabsorption modulator, the widely-tunable SG-DBR
laser with integrated electroabsorption modulator, and two
types of wavelength converter with on-chip widely-tunable
continuous-wave laser source. In the past, there have been
some analogous examples using one or more of the integration
techniques described in Section II. For example, integrated
DFB-EAMs have been very successful as commercial sources
for moderate reach fiber links. These have used butt-joint [18]
and SAG [19].
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Fig. 9. Side-view schematic of the integrated short cavity DBR laser/EAM
device.

Fig. 10. End-on-view cross-sectional stain etch of the integrated short cavity
DBR laser/EAM device.

A. Short Cavity DBR Laser With Integrated EAM

In designing a short-cavity DBR laser, considerations and
tradeoffs have to be made regarding the mirror reflectivity, oper-
ating current, and temperature rise in the device. First, the cavity
requires the length to be sufficiently short such that the mode
spacing is wide enough on the DBR stopband to maintain single
mode emission. With a high reflectivity (HR) back mirror, the
front mirror needs to be optimized for low current operation in
the laser at high powers ( 10 mW). Here, we chose to design
a short-cavity DBR laser with a HR coated back mirror, short
gain section (150 m), and a front DBR mirror (40 m). The
short front mirror is enabled by deep gratings resulting in a high
coupling coefficient cm . This does not adversely
affect the laser performance since it lies outside the gain re-
gion. A side-view schematic of the designed device is shown
in Fig. 9, which, for demonstration, includes an integrated SOA
and two-section EAM.

As described previously, a QWI processing platform was ap-
plied to optimize the band edge of each integrated device. For
example, the gain and SOA sections were left at the as-grown
band edge of nm, the EAM was intermixed to

nm, and the DBRs and passive waveguides were further
intermixed to nm. The amount of intermixing for
the EAM section was optimized by photocurrent spectroscopy
for optimum extinction performance [20]. Following the top

-cladding regrowth, standard ridge lasers were fabricated [21].
To facilitate high-speed operation of the integrated EAM, ben-
zocyclobutene (BCB) was patterned beneath the EAM contact
metal for low pad capacitance. A cross section of the EAM is
shown in Fig. 10.

Fig. 11. DC extinction characteristic of a 125-�m integrated EAM computed
with a simulation using photocurrent spectroscopy data from identical material.
Inset shows photocurrent data used in extinction simulation.

Fig. 12. Bandwidth of a 125-�m integrated EAM demonstrating 25 GHz. Inset
is a 10-Gb/s eye diagram showing grater than 10-dB extinction with a 0.6-V
swing.

The devices demonstrated good characteristics in terms
of output power, efficiency, and side mode suppression ratio
(SMSR) [22]. A threshold current of 7 mA was measured, and
output powers greater than 10 mW were achieved with a gain
section current of 30 mA [22].

The integrated EAM demonstrated greater than 20 dB optical
extinction with 13-dB/V extinction efficiency for a 125 m
modulator, as shown in Fig. 11. The inset shows measured
photocurrent spectroscopy data for this QWI material. This
excellent performance is easily verified using absorption data
taken by photocurrent spectroscopy from a similar device.
Starting with a spline interpolation of absorption as a function
of voltage, simple calculations, which account for optical
overlap with the quantum wells and the effective index and
length of the waveguide, lead to predicted DC extinction ratios
for an EAM. In Fig. 11, the dotted line shows the simulated
DC extinction of the 125- m EAM at 1542 nm. Clearly, the
photocurrent measurements allow reasonable estimation of
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Fig. 13. (a) Top view schematic of the SG-DBR laser/EAM transmitters device architecture. (b) Cross-sectional schematic of modulator sections.

Fig. 14. DC extinction of a 175-�m modulator for wavelengths of 1558
(circles), 1570 (squares), and 1580 nm (triangles).

modulator performance. These results suggest that photocur-
rent spectroscopy can be used as a powerful tool for predicting
device performance. The 3-dB modulation bandwidth was
measured to be 25 GHz, as shown in Fig. 12. The inset shows
open eye diagrams were achieved at 10 Gb/s with greater than
10-dB dynamic extinction at a DC bias of 3 V and a 0.6-V
swing. From these data, it is clear that the QWI material in
modulator sections can be controlled, and is of high optical and
electrical quality.

B. SG-DBR Laser With Integrated EAM

Electroabsorption-modulated widely-tunable lasers are can-
didate sources for optical metropolitan area network applica-
tions, as they are compact and potentially low-cost. For efficient
10 Gb/s transmission, it is essential that the EAM demonstrate
negative chirp behavior such that the dispersion penalty can be
minimized. This characteristic may be achieved by exploiting

Fig. 15. Electrical to optical frequency response of a 175-�m modulator. The
circular markers represent every 30th data point.

the quantum confined stark effect (QCSE) with the use quantum
wells as the EAM absorption medium.

The simple, robust QWI method described earlier provides
an ideal integration platform for the fabrication of widely-tun-
able laser/QW-EAM transmitters. The ability to define multiple
precisely tuned band-edges across a single chip, allows for the
independent optimization of the EAM and passive components.
The band-edge of the EAM can be blue-shifted such that it main-
tains a high absorption coefficient, reasonable insertion loss,
and without severe degradation to the exciton peak. The passive
component band-edge can be further blue-shifted for minimum
loss. With the use of QWI, we have for the first time, fabricated
a widely-tunable transmitter demonstrating negative chirp char-
acteristics at 10 Gb/s over its entire tuning range.

The transmitter device, shown in Fig. 13, consists of a five
section widely tunable SG-DBR laser followed by an EAM. The
five sections of the SG-DBR laser are, from rear facet to front
facet: 1) backside absorber; 2) rear mirror; 3) phase; 4) gain;
and 5) front mirror. The phase and mirror sections function to
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Fig. 16. 10-Gb/s back-to-back eye diagrams from transmitter at wavelengths of 1558, 1564, 1571, and 1578 nm.

tune the wavelength of the laser [7]. The lithographically de-
fined mirrors make the SG-DBR laser ideal for monolithic inte-
gration due to the fact that no facets are required for operation.
The process of these devices is described elsewhere [23].

The SG-DBR laser demonstrated a threshold current of 13
mA, with an output power of 10 mW at a gain section current of
100 mA. At this operating point, a side mode suppression ratio
(SMSR) greater than 35 dB was achieved.

The EAM (175 m) demonstrated over 40 dB of dc extinc-
tion for wavelengths of 1558, 1570, and 1580 nm, with efficien-
cies greater than 20 dB/V, as shown in Fig. 14. The efficient
extinction properties are due to the combination of the centered
quantum-well design and the intermixing process that allows
for precise placement of the modulator band edge. The 3-dB
bandwidth, shown in Fig. 15, of the same modulator was greater
than 19 GHz. Eye diagrams, shown in Fig. 16, were taken at
wavelengths of 1558, 1564, 1571, and 1578 nm with dc biases
ranging from 2.1 to 3.8 V and peak-to-peak voltage swings
ranging from 2.2 V to 3.4 V. Greater than 10-dB extinction was
achieved at all wavelengths.

Transmission experiments at 10 Gb/s were performed using
a nonreturn to zero (NRZ) pseudorandom-bit-sequence (PRBS)
of 2 . A booster erbium doped fiber amplifier (EDFA) was
used to launch the signal through Corning SMF-28 fiber. A vari-
able optical attenuator was used to regulate the optical power
into a optical receiver. Bit-error rate (BER) curves through 25,
50, and 75 km of fiber at a wavelength of 1564 nm are shown in
Fig. 17. The EAM was biased at 3.5 V with a 2.0-V peak to
peak swing. Error-free operation was achieved through 75 km
of fiber with a power penalty of less than 0.5 dB. The shaping of
the eye diagrams due to dispersion is clearly seen in the insets
of Fig. 17 where the optical eye diagrams are shown after trans-
mission through fiber. The noise performance for transmission

Fig. 17. BER curves and respective eye diagrams for back-to-back (cross), and
transmission through 25 (circles), 50 (triangles), and 75 km (squares) of fiber at
a wavelength of 1564 nm.

through 75 km is limited by the signal attenuation of the fiber
and the noise of the oscilloscope optical receiver.

The low dispersion penalty for 10-Gb/s transmission demon-
strated in Fig. 17 is indicative of negative chirp characteristics.
In order to verify the chirp behavior of the modulator, the large
signal chirp parameter was measured on the EAM and analysis
was performed on the photocurrent data similar to that shown
in Fig. 8 obtained from identical material as the transmitters.
With the photocurrent data, differences in absorption between
the band edge at 0 V and the band edges at each of the reverse
biases are easily obtained. Application of the Kramers–Kronig
transform to the absorption data, as described in [24], yields the
index change as a function of voltage change.
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Fig. 18. Data points show measured large signal chirp as a function of bias
voltage at 1542, 1552, 1562, and 1569 nm. Lines show predicted chirps at 1540,
1550, 1560, and 1567 nm.

Fig. 19. (a) Top-view schematic of the OEIC wavelength converter
architecture with the receiver ridge (upper) and transmitter ridge (lower).

With knowledge of index change as a function of voltage, and
absorption change as a function of chirp, the large signal chirp
can be calculated [25]. Fig. 18 compares the large signal chirp,
as calculated from photocurrent spectroscopy, at wavelengths of
1540, 1550, 1560, and 1567 nm, with the chirp measured in the
buried-ridge modulators at wavelengths of 1542, 1552, 1562,
and 1569 nm. The 2-nm difference in wavelengths has been in-
cluded to account for the fact that the photocurrent diodes were
intermixed to 1508 nm, whereas the transmitter EAMs
were intermixed to 1510 nm. Chirp measurements were
made on the transmitters using Agilent’s Time Resolved Chirp
(TRC) software coupled with the required Agilent 86 146B op-
tical spectrum analyzer. The measured dynamic chirp param-
eter, and the chirp parameter that is calculated directly from pho-
tocurrent spectroscopy, are in reasonable agreement. Clearly,
the wavelength-agile negative chirp performance of the trans-
mitters can be directly attributed to the band edge that is found
in the QWI material from which the EAMs are fabricated. The
QWI process that was used to shift the band edge in the EAM
section of the device did not significantly detract from the ex-
citon confinement. We, therefore, assert that QWI is a promising
fabrication platform for implementation of high performance,
widely tunable, negative chirp, 10-Gb/s laser-EAM transmitter
devices.

C. Wavelength Converters

The integration of an optical receiver with a widely-tunable
transmitter can provide wavelength conversion functionality,

making applications such as wavelength routing and ROADMs
possible. Using the same QWI integration platform as the
laser/EAM transmitter, wavelength converters were fabricated.
The device architecture, shown in Fig. 19, consists of two
adjacent parallel buried ridges, with one ridge operating as an
optical receiver and the adjacent ridge operating as an optical
transmitter. The receiving ridge consists of a semiconductor
optical amplifier (SOA) and a photodetector for the amplifi-
cation and detection of the input optical signal, respectively.
The adjacent ridge consists of the same SG-DBR laser/EAM
architecture as the transmitter.

In this photocurrent-driven wavelength converter, the detector
and EAM electrodes are joined by a coplanar strip (CPS) inter-
connect. In this configuration, the photocurrent generated in the
detector by the input optical signal will pass through a termi-
nation load, resulting in the small signal voltage swing across
the EAM identical to that of the input data sequence. The EAM
functions to write the data on the continuous wave output of the
SG-DBR laser operating at any wavelength within the tuning
band hence wavelength conversion is achieved.

The optical to optical frequency response of a wavelength
converter with a 225 m photodetector interconnected to a
175- m modulator demonstrated a 3-dB bandwidth of over
12 GHz with a 25- termination. To demonstrate 10-Gb/s
operation, eye diagrams were taken for wavelength conversion
from 1550 nm to 1555, 1562, 1569, and 1575 nm, as shown
in Fig. 20. Although error-free operation was achieved, in-
sufficient extinction ( 2 dB) resulted in high power penalties
( 8 dB). The insufficient extinction was a result of receiver
inefficiencies such as inadequate photocurrent generation and
saturation effects. These aspects of the device are being ad-
dressed with higher saturation power SOAs and photodetectors.

For example, higher extinction ratios and lower power penal-
ties were observed in other wavelength-converter experiments,
which used an offset quantum-well integration platform and
higher saturation power SOAs and photodetectors in the re-
ceiver stage. One version used the integration of a slightly higher
saturation power SOA-PIN receiver with an EAM-modulated
SG-DBR to demonstrate 10-dB extinction and 2.5-dB power
penalties back-to-back at 10 Gb/s over a wide tuning range [26].
A second wired a separate high-power SOA-PIN receiver with
a MZ-modulated SG-DBR to demonstrate 12 dB of extinction,
capable of positive and negative chirp, and 1.2 dB of power
penalty at 10 Gb/s over 75 km of Corning SMF-28 fiber the
35-nm tuning range [27].

The QWI platform has also been used to fabricate monolithic
tunable all-optical wavelength converters (TAO-WCs). These
devices are among the most elaborate photonic integrated cir-
cuits fabricated to date in terms of the number of functional el-
ements integrated into a single device. The devices, illustrated
in Fig. 21, consist of a widely-tunable SG-DBR laser monolith-
ically integrated with a semiconductor optical amplifier-based
Mach-Zehnder Interferometer (MZI) wavelength converter. A
schematic of the device is shown in Fig. 21.

The device works on the principle of optically induced index
change in a SOA due to carrier density modulation. The cross
phase modulation that results from the index change is then used
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Fig. 20. The 10-Gb/s eye diagrams for wavelength conversion from 1550 to 1555 nm, 1562, 1569, and 1575 nm.

Fig. 21. QWI TAO-WC.

to gate the SGDBR output using a MZI [29]–[31]. Fig. 22 shows
the eye diagrams of the wavelength converted data in both the
inverted and noninverted mode of operation. The current de-
vices are capable of converting from any input wavelength to
any output wavelength across the entire C-band (over 30-nm
tuning range).

To maximize the speed of operation of this wavelength con-
verter, it is important to reduce the carrier lifetimes in the SOA’s
in the MZI. This lifetime governed by the saturation properties
and the material parameters of the SOA, i.e., carrier concentra-
tion, differential gain, the optical confinement factor, as well as
the optical power in the SOA and the length of the SOA through
the effects of high-pass filtering. Our earlier work on TAO-WCs
[29]–[31] employed an offset quantum-well platform to fab-
ricate the device, with inherent modal confinement factor of
around 6%, which limited the minimum carrier lifetime attain-
able [30]. The QWI-based platform allows us to overcome this
limitation and further reduce the carrier lifetime by using cen-
tered quantum wells with a significantly increased the confine-

Fig. 22. (a) Input data to the device at 10 Gb/s. Wavelength converted data in
the (b) noninverting and (c) inverting mode of operation.

ment factor of over 9% in our current design. The value of the
confinement factor can be tailored by the choice of the number
of quantum wells.
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Along with the benefit it offers, the increase in the confine-
ment factor also creates additional challenges. The SOA satura-
tion power reduction results in the enhancement of pattern de-
pendence in the preamplifier SOAs. Optimizing the preamplifier
designs in the QWI platform to get linear, high power amplifi-
cation is a work in progress.

V. CONCLUSION

The development of photonic integrated circuits is key to
the advancement of the fiber optic communications field. The
introduction of new highly functional devices and systems
must stem from innovation. This manuscript focused on the
ability to monolithically integrate optoelectronic components
through a novel QWI processing platform. Such a processing
method allows for the optimization of the quantum well band
edge for each integrated component. This allows designers
to break many, but not all design tradeoffs in pursuit of high
functionality photonic integrated circuits.

A QWI process has been developed which allows for the for-
mation of multiple quantum-well band edges across the wafer.
The use of an implant buffer layer not only prevented the im-
planted ions from damaging the quantum wells, but facilitated
the development of a cyclic etch and anneal process enabling
the strategic placement of the quantum well band edge for inte-
grated devices.

There are an almost limitless number of applications for QWI
in the development of high functionality photonic integrated cir-
cuits. The capability to monolithically integrate a number of de-
vices each with a unique quantum-well band edge is an advance-
ment that must be exploited. Although device improvement is
certainly on the forefront of the QWI horizon, the real driving
force for QWI applies to those devices and integration schemes
that will be made possible in the future, and have yet to come.
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