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Introduction: 
 
This edition of Prof. Coldren’s reprint book chronicles conference and journal articles 
published in 2004.  These generally focus on III-V semiconductor lasers and related 
photonic integrated circuits.  The work spans efforts from basic materials and processing 
technology, through device physics and design, to device formation, characterization, and 
insertion into systems demonstrations.    
 
The reprints have been grouped into four areas: I.  Photonic Integrated Circuits and 
Related Technology;  II. InP-based Vertical-Cavity Lasers; III. Photodetectors and 
Receivers; and IV. Terahertz Technology.  By far the majority of the work is in the 
first area, which has been further subdivided into A. Widely-Tunable Monolithic 
Transmitters; B. Widely-Tunable Wavelength Converters; C. Quantum-Well Intermixing 
Technology; D. Sensors; and E. Materials Technology.   All of the work except the 
Terahertz devices and some of the sensor effort is based upon an InP platform, either via 
MOCVD or MBE.  The epitaxial growth activity is strongly supported by Prof. DenBaars 
(MOCVD) and Prof. Gossard (MBE), who co-advise the students involved in these areas.   
Thus, their contributions have been invaluable to the research, even when they do not 
appear as co-authors on the device oriented papers.  
 
The work was performed under the support of several grants from industry and 
government, some gift funds from industry, and support from the Kavli Endowed Chair 
in Optoelectronics and Sensors.    Specific projects included one on RF-Photonics under 
the DARPA R-FLICS program; work on photocurrent-driven widely-tunable wavelength 
converters supported by the Intel Corp as well as DARPA via the CSWDM program; 
efforts to create high-bit-rate wavelength converters and buffers under the DARPA 
DoDN program; two projects to create very high-efficiency optical interconnects for ICs 
using either edge-emitting short-cavity laser-modulators (supported by the DARPA C2OI 
program) or directly-modulated vertical-cavity surface-emitting lasers (supported by 
MARCO as part of the Interconnect Focus Center); and a bio-chemical sensor project 
under the support of the Army via the Institute for Collaborative Biotechnologies.  Two 
UC-MICRO projects were also supported with leveraging funding from Intel (more work 
on Photonic ICs) and Agilent (1300 nm laser-modulators). 
 
The first general research area documented in the enclosed reprints is on Photonic 
Integrated Circuits and Related Technology.  The work continues to extend the sampled-
grating distributed Bragg reflector (SGDBR) laser platform to include more and more 
active and passive components for greater functionality.  This research has been led by 
investigators at both UCSB and Agility Communications, Inc.  Since its founding by 
Prof. Coldren and two of his graduate students in 1998, Agility has been successful in 
commercializing the tunable transmitter technology, and it continues to pursue research, 
sometimes in collaboration with UCSB, to create new components for future lightwave 
systems.   
 
The first two groups of reprints (IA. Widely-Tunable Monolithic Transmitters & IB. 
Widely-Tunable Wavelength Converters) give numerous examples of work that expands 
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the basic ‘off-set gain-region’ integration platform, combining the widely-tunable 
Sampled-Grating Distributed-Bragg-Reflector (SGDBR) laser with monolithically 
integrated amplifiers (SOAs), modulators (both EA and MZ), waveguide splitters 
(MMIs), and photodetectors.  A representative highlight of this work is shown in Fig. 1.  
This depicts an SGDBR integrated with a backside detector, an SOA post-amp, and a 
Mach-Zehnder modulator (MZM).  In this case the electrodes of the MZM are formed 
with ‘T-coplanar’ series-connected traveling-wave transmission lines.  Also, a separate 
phase section is included in the MZM to establish the zero-bias set point, and a curved 
output guide suppresses facet reflections.   As can be seen the frequency can extend to 
nearly 40GHz with proper choice of load resistor.  Digital data up to 40 Gb/s has been 
transmitted with such a device along short distances of fiber. 
 

Figure 1.  Integrated SGDBR-MZM schematic, inset SEM of T-CPS transmission line, and experimental 
small-signal modulation response.   
 
As will be shown below, analogous SGDBR-MZMs or SGDBR-EAMs have also been 
incorporated into wavelength converters.   In fact, the majority of our work has involved 
the integration of EAMs (Electro-Absorption Modulators) with the widely-tunable 
SGDBR.  Both the standard offset-gain region technology as well as the novel quantum-
well intermixing (QWI) technology covered in Section 1C has been used.  Figure 2 
illustrates results from a single-chip transmitter that incorporates an SGDBR with an 
EAM using the QWI technology platform.    
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          (c)        (d) 
Figure 2.  (a) Schematic of QWI-SGDBR-EAM; (b) small signal frequency response; (c) large-signal chirp 
parameter for several wavelengths across the band; and (d) Bit-error-rate vs. distance at one wavelength. 
 
As discussed previously, the QWI process only involves a single growth and ion implant.  
The multiple bandgaps are provided by multiple anneals interspersed with chemical 
etching steps to remove the vacancy source from areas where the bandgap is to be frozen.  
The above result is significant, because typical EAMs that can operate over wide 
wavelength ranges will not provide a negative chirp parameter unless the insertion loss is 
quite high.  In this case we found that the zero chirp point could be crossed with only 2 
dB of excess loss at all wavelengths across the C-band.  The transmission results confirm 
transmitter operation with a negative EAM chirp parameter. 
 
For optical interconnect applications, in which signals from one IC are to be transferred 
to another within a computer, very efficient transmitters and receivers are required.  
Although VCSELs would seem to be the obvious choice for the transmitter end, and we 
are indeed pursuing this path, VCSELs have trouble providing the power levels and 
modulation bandwidths that will soon be required in these applications.   Figure 3 
illustrates preliminary results for a laser-EAM design formed with the same QWI 
technology platform as used in Fig. 2.  The longer-term objective is to create these 
devices at 980 nm on GaAs.  In fact, we have already obtained preliminary results there, 
but they were not published in 2004.   

Figure 3.  Short-cavity laser-EAM formed with QWI technology at 1550nm and results. 
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For the case of Fig. 3,  the EAM could be better optimized for the wavelength being used, 
so very low voltage swing (0.6 V) for 10 dB extinction was observed.  The high 3 dB 
bandwidth (~25GHz) obtained without any traveling-wave structures suggests that 
40Gb/s operation should soon be possible with less than 10 mW of power dissipated in 
the EAM. 
 
One of the key targets of our research is to make very efficient, high-speed widely-
tunable wavelength converters.   Figures 4 and 5 illustrate the use of the SGDBR-EAM 
and SGDBR-MZM transmitter stages within wavelength converters, which also 
incorporate a receiver stage consisting of an SOA-PIN integration that is interconnected 
to the transmitter on the same chip.  These might be more appropriately referred to as 
transceivers on a chip, since the received signal is available electrically for monitoring.   
However, a key point is that only dc biases need be supplied to the chips.   A related  
effort that is not fully documented in the 2004 reprints is the SOA-PIN receivers.  These 
must be high-gain and high-saturation power in order to provide the voltage swings 
necessary to drive the modulators.  Of course, developing lower voltage modulators 
greatly helps in this endeavor. 

           
Figure 4.  Widely-tunable EAM-based photocurrent driven wavelength converter and results at 10Gb/s.  
 
Figure 5 shows analogous results for a widely-tunable MZM-based wavelength 
converter.  In this case transmission down some length of fiber is illustrated.  The fact 
that the initial power penalty is reduced with distance is again indicative of negative chirp 
on the converted output lightwave.  Good performance is observed over much of the C-
band.   
  

Modulator SOA SGDBR

SOA photodetector

InGaAsP/InP

Metal Interconnect

λin

λout

1567 nm 
Wavelength 
Converted

SEM of EAM – PD WC

Modulator SOA SGDBR

SOA photodetector

InGaAsP/InP

Metal Interconnect

λin

λout
Modulator SOA SGDBR

SOA photodetector

InGaAsP/InP

Metal Interconnect

λin

λout

1567 nm 
Wavelength 
Converted

1567 nm 
Wavelength 
Converted

1567 nm 
Wavelength 
Converted

SEM of EAM – PD WCSEM of EAM – PD WC



 

 vi 

 
 

 
 
Figure 5.  Widely-tunable MZM-based wavelength converter and results.   
 
Another effort involves ‘all-optical’ wavelength converter designs, in which the input 
signal is coupled directly into an SOA in one arm of a Mach-Zehnder  that modulates the 
output of the cw SGDBR.  Although Prof. Coldren’s group was heavily involved in the 
development of this technology, it is now a main focus of Prof. Blumenthal’s group, and 
thus will not be detailed as much in this introduction.   
 
Section 1D includes some of the work on bio-chemical sensors carried out in Prof. 
Coldren’s group.  Figure 6 outlines one experiment that uses an oxidized layer beneath 
the optical waveguide to enhance the extension of the fields into the aqueous solution 
above it.  This design increased the sensitivity by almost two orders of magnitude 
compared to prior designs with no oxide layer.    
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Figure 6.  Schematic of GaAs-based sensor; cross-sectional SEM showing the buried oxide layer; and a plot 
of the etalon sensing section center wavelength vs. fluid index.   
 
 
Other work in the sensor area included in this reprint book summarizes results from other 
chip designs.  In one case,  two tunable lasers are heterodyned into an on-chip detector.  
A region of sensor laser is exposed to the analyte, altering the cavity effective index, and 
thereby its output frequency.  The other acts as a local oscillator to down-convert the 
output of the sensor laser to the VHF region after combining in the detector.  This is an 
attractive approach because the light is generated, it senses the surface adsorbed analyte, 
and it is detected on a single chip.  No light has to be coupled onto or off of the chip.   
 
The materials technology area, Section 1E, contains a collection of papers focused on 
advancing the state-of-the-art of the materials and processes used in much of our III-V 
device work.  As mentioned above, the quantum-well-intermixing work is covered in 
Section 1C, so here are included other efforts that primarily involve combining materials 
with different properties, either by wafer fusion or epitaxial growth.   
 
The second general area of research has been a continued effort to make high-
performance 1300 – 1550 nm InP-based Vertical-Cavity Surface-Emitting Lasers 
(VCSELs):  II. InP-based VCSELs.  In this calendar year only one paper has been 
published, although a significant effort continues.  We anticipate a wealth of results to be 
published within the next year.   The focus of the effort is to create all-epitaxial VCSELs 
in a single MBE growth using AlGaAsSb alloys for the mirrors and InGaAlAs MQW 
active regions.  Both 1310 and 1550 nm VCSELs with good characteristics have already 
been demonstrated.  
 
The third general area of work contained herein is in III. Photodetectors and Receivers.  
In fact, all of the reprints in this section are from the group of Prof. Joseph C. Campbell 
of the University of Texas at Austin.   Prof. Coldren’s effort has been in growing the 
materials used.  It might also be mentioned, however, that the receivers for the 
wavelength converters discussed above are being developed at UCSB, and we also 
anticipate a number of publications on this work within the next year.   
 
The final group of papers is IV. Terahertz Technology.  As in the previous section the 
work reported here was led by other investigators, so it will not be emphasized here.  Our 
contribution has been to create novel epitaxial structures via MBE, and these have 
enabled new advances in the detection of electromagnetic energy in the tera-Hertz 
regime.   
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principal limitations to increased gain arise from defects, traps, and interface discontinuities 
associated with the wafer fusing process, or whether other means of bandgap engineering and 
device design can be used. The conduction band offset (∆EC) of the wafer-fused GaAs-GaN 
heterojunction is unknown. However, preliminary measurements and calculations indicated that 
a positive ∆EC is likely.1,2 This positive ∆EC would seriously impede current flow across the 
base-collector junction even in the absence of any defects or traps. To counteract a positive 
∆EC, our new device structure included a uid-GaAs base-collector “setback” layer. By 
decreasing the barrier in the conduction band at the base-collector junction, this new device 
structure increased collector current and hence current gain. 
 
 
EXPERIMENT 
 

Starting materials are depicted in Figure 1. The AlGaAs-GaAs emitter-base structure was 
grown by molecular beam epitaxy (MBE) at 585oC in a Varian Gen-II system. Carbon, rather 
than beryllium, was used as the p-GaAs dopant in order to minimize dopant diffusion during the 
high-temperature fusion procedure. The GaN collector structure was grown by metal-organic 
chemical vapor deposition (MOCVD) on c-plane (0001) sapphire at 1160oC. AlGaAs-GaAs and 
GaN were cleaved into rectangles (5-10mm), cleaned, rinsed in methanol, joined together in  

 
 

 

 
 

Figure 1. Starting materials for the wafer fusion of the third-generation n-AlGaAs/p-GaAs/n-GaN HBT. In the 
formation of the HBT, the GaAs and GaN top surfaces are fused together, and then the GaAs substrate and AlAs 
etch-stop layer are sequentially removed. 
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methanol, and annealed (“wafer-fused”) for one hour under a uniaxial pressure of 2 MPa in a 
nitrogen ambient. HBTs were fused over a wide range of systematically varied temperatures 
(550-750oC). 

After fusion the GaAs substrate was removed via wet etching in H2O2:NH4OH. This 
selective etch terminated at the AlAs layer, which was subsequently removed in HF. n-
AlGaAs emitter mesas (1x10-5cm2) and p-GaAs base mesas (5x10-5cm2) were defined via 
wet etching in H3PO4:H2O2:H2O. n-GaAs contacts were AuGeNi annealed at 415oC, p-
GaAs contacts were ZnAu, and n-GaN contacts were unannealed AlAu. 
 
 
RESULTS & CONCLUSIONS 

 
This study demonstrated improved HBT electrical performance, due to the addition of a uid-

GaAs base-collector setback layer.  Figure 2 shows the materials structures and the common-  
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(b) Common-emitter characteristics 
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Figure 2. (a) Materials structures and (b) common-emitter characteristics of (i) Generation 2 and (ii) Generation 3 
HBTs fused at 600oC. Generation 2 HBTs have no base-collector setback layer and have a thicker base. 
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emitter characteristics for Generation 2 and 3 HBTs fused at 600oC for one hour. Both 
generations of HBT devices were operable to a VCE of 40V without breakdown. Devices were 
not tested at a VCE greater than 40V, due to limitations of the testing equipment. A more detailed 
study of second-generation HBTs has been published elsewhere.3 Unlike Generation 2, 
Generation 3 HBTs include a base-collector setback layer. A setback layer shifts the fused 
GaAs-GaN interface slightly into the collector, decreasing the barrier prior to the conduction 
band spike at the fused junction. This accounts for the marked improvement in collector current 
and current gain demonstrated in Figure 2. Also, the Generation 3 HBT utilizes a thinner base 
(100nm rather than 150nm). 
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A Study of Regrowth Interface and Material Quality for a Novel InP Based 
Architecture 

 
James W. Raring, Erik J. Skogen, Larry A. Coldren, and Steven P. DenBaars 

 
Monolithic integration of photonic integrated circuits is at the forefront of research in the 
InP based material system.  Innovative device architectures utilizing unique 
growth/processing schemes must be employed to maintain rapid progression.  This work 
examines a new technology, coupling the use of a quantum-well-intermixing (QWI) 
processing platform and an offset quantum-well regrowth.  By intermixing the centered-
quantum-well base structure to render it non-absorbing, and then regrowing offset wells, 
the saturation power in semiconductor-optical-amplifiers can be greatly increased.  
Achieving a high material quality regrowth on a surface subjected to heavy processing 
and defect diffusion during the intermixing process is vital to the performance of the 
offset quantum-wells.  Using photoluminescence we will show the effects of pre-
regrowth surface preparation and QW/interface offset distance on the material quality of 
the offset wells.  We have demonstrated for the first time that good material quality can 
be achieved when regrowing on surfaces with intermixed material beneath.  



 
High-Quality Grating Regrowth Interface in the  

InP/InGaAsP Material System Using TBA and TBP 
 

Erik J. Skogen, Jonathon S. Barton, Larry A. Coldren, and Steven P. DenBaars 
 
A key aspect to the realization of wavelength-agile phonic-integrated-circuits is the 
formation of high index contrast InP/InGaAsP gratings.  A matrix of reactive-ion etch 
and MOCVD regrowth experiments were used to study the quality of the regrowth 
interface in InP/InGaAsP grating regions as compared to regions without gratings (InP), 
using photoluminescence measurements.  The modified regrowth procedure consists of a 
warm-up under tertiarybutylphosphine (TBP) and tertiarybutlyarsine (TBAs) 
overpressure, and elimination of a high temperature pre-growth bake.  The goal was to 
reduce the group-V exchange on the surface during warm-up, which can lead to highly 
strained interface layers.  The photoluminescence intensity of the regions with gratings 
was strongly affected by the modification in the etch process and MOCVD regrowth 
program.  This process was used in the fabrication of widely tunable sampled-grating 
(SG) distributed Bragg reflector (DBR) lasers, which exhibited excellent characteristics 
in terms of injection efficiency, modal loss, and carrier induced tuning.     
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Abstract

This work examines a new technology, coupling the use of a quantum-well-intermixing processing platform and an

offset quantum-well regrowth. Achieving a high material quality regrowth on a surface subjected to heavy processing

and defect diffusion during the intermixing process is vital to the performance of the offset quantum wells. Using

photoluminescence, atomic force microscopy, and fabricating broad area lasers, we demonstrate for the first time that

good material quality can be achieved when regrowing on surfaces with intermixed material beneath. Further, we

achieve regions of high and low optical confinement on the same chip.

r 2004 Elsevier B.V. All rights reserved.

PACS: 42.55.X; 85.60; 81.05.P

Keywords: A1. Atomic force microscopy; A2. Metalorganic chemical vapor deposition A3. Quantum wells; B1. Phosphides; B2.

Semiconducting indium phosphide; B3. Laser diodes

1. Introduction

Monolithically integrated photonic circuits offer
tremendous advantages for applications in optical
networks. These advantages include high function-
ality, improved efficiency, decreased size, and

lower costs. As the degree of complexity within a
photonic integrated circuit (PIC) increases, the
realization of an optimally performing device
becomes more intricate. Monolithic integration
often imposes design constraints due to the
difficulty achieving multiple quantum well ban-
dedges (MQW) and the limitation of a two-
dimensional growth platform on a single chip.
These constraints often demand performance
trade-offs in the individual components within
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the PIC, thus limiting the overall performance of
the device.
The integration of a diode laser with a

semiconductor optical amplifier (SOA) is one such
example in which traditional monolithic integra-
tion schemes impose trade-offs. High modal gain is
desired in the laser such that low threshold
currents and high output powers can be achieved.
The threshold modal gain (Ggth) is governed by
Eq. (1), where G is the optical confinement factor,
gth is the threshold material gain, ai is the optical
loss in the cavity, and am is the mirror loss. From
Eq. (1) it is clearly advantageous to maximize the
optical confinement factor within the laser to
achieve high modal gain.

Ggth ¼ ai þ am; (1)

Ps ¼
wdhn
aGt

: (2)

Saturation power, Ps; defined as the input power
at which the gain drops by 3 dB, is a critical
consideration in SOA design. The saturation
power (Ps) can be approximated by Eq. (2) [1],
where w is the width of the gain region, d is the
thickness of the gain region, a is the differential
gain of the material, t is the carrier lifetime, and
again G is the optical confinement factor. From
Eq. (2), it is clear that for the realization of high
saturation power SOAs, a low optical confinement
factor is desirable. Thus, there is clear performance
trade-off between the integrated laser and SOA
imposed by the optical confinement properties of
the device architecture.
Here we present and study an innovative

fabrication/growth scheme to circumvent the
traditional trade-off discussed above by realizing
regions of both high and low optical confinement
on the same chip. We employ a robust quantum
well intermixing (QWI) processing platform [2]
coupled with a novel growth architecture to
achieve regions possessing either a high optical
confinement centered multiple quantum well
(c-MWQ) gain section or regions possessing an
offset MQW (o-MQW) gain section with an
optical confinement which can be adjusted based
on the offset regrowth.

We have demonstrated the ability to achieve
high-quality quantum well material grown short
distances above a regrowth interface which had
been subjected to vacancy diffusion during the
QWI process. Furthermore, we achieved a 7�
reduction in modal gain from Fabry–Perot broad
area lasers possessing an o-MQW active region
over those with the c-MQW active region fabri-
cated on the same chip.

2. Theory

The optical confinement factor is defined as the
electron–photon overlap in the gain region of a
device [1]. However, assuming a uniform carrier
distribution, it can be approximated by the volume
of the optical mode within the gain medium
divided by the total volume of the optical mode
and is governed by both the geometry and the
refractive indices of the materials comprising the
optical waveguide of the device. It has been shown
that placing the MQW region in the center of a
symmetric waveguide results in a maximized
confinement factor. Thus, the c-MQW structure
is ideal for employment in the gain section of a
diode laser [3]. By placing the MQW region in a
manner such that it is offset from the waveguide,
the optical confinement is reduced by an amount
governed by the degree of offset.
In this work, we begin with the growth of a

c-MQW base structure. In regions where low
optical confinement is desired, the c-MQW region
is subjected to a QWI process to blueshift the band
edge, effectively rendering it a passive waveguide
to the operating wavelengths of the final device. A
regrowth is then performed over the entire chip
consisting of an InP offset layer and a MQW
region. The o-MQW and offset InP layer are then
selectively removed in regions above the as-grown
c-MQW. The result is two regions on a single chip,
one with high optical confinement and the other
with a reduced optical confinement, c-MQW and
o-MQW, respectively. A schematic of this struc-
ture is presented in Fig. 1.
A finite difference technique was used to solve

the wave equation and compute the optical
confinement within the active quantum wells for
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both regions. The refractive index and simulated
optical mode are plotted in Fig. 2. From the figure,
it is clear that the optical mode overlap with the
active wells is far higher in the c-MQW (Fig. 2a)
than it is in the o-MQW (Fig. 2b).
As discussed above, the optical confinement in

the o-MQW structure is governed by the degree
of offset. Thus the optical confinement in the
o-MQW architecture in this work can be tailored
by the InP offset layer thickness. This layer will be
referred to as the confinement tuning layer (CTL).
To show how the optical confinement is influenced
by the CTL and number of o-QWs, the finite
difference technique was used to solve for the
optical confinement as a function of the number of
quantum wells for three different CTL thicknesses
as shown in Fig. 3. The results of this simulation
indicated no excitation of higher order transverse
optical modes in the o-MQW regions.

3. Process

The process used to realize regions of both high
and low optical confinement on a single chip
suitable for device application is as follows. First,
the epitaxial base structure is grown on an InP
substrate using a Thomas Swan Scientific Equip-
ment Ltd. horizontal-flow rotating-disc MOCVD
reactor. The active region consists of ten 7.0 nm
compressively strained (1.0%) quantum wells,
separated by 8.5 nm tensile strained (0.3%) bar-

riers, centered within two InGaAsP (1.3Q) layers
designed to maximize the optical confinement in
the quantum wells. Following the active region, a
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Fig. 1. Side view schematic of the device structure for the c-

MQW high modal gain region (left) and the o-MQW with

reduced modal gain (right).

Fig. 2. Refractive index, and mode profile versus distance in the

growth direction for (a) the c-MQW high modal gain region

and (b) the o-MQW reduced modal gain region.

Fig. 3. Confinement factor versus the number of offset

quantum wells for CTLs of 1000, 1750, 2500 Å.
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15 nm InP regrowth layer, a 20 nm 1.3Q stop etch,
and a 450 nm InP implant buffer layer are grown.
The regions in which high optical confinement is

desired are masked with 500 nm of SixNy, and a
P+ implant is carried out at an energy of 100 keV,
yielding a range of 90 nm, with a dose of
5E14 cm�2, at a substrate temperature of 200 1C
[2]. During a high-temperature anneal, the vacan-
cies created during the implant above the un-
masked regions are diffused through the c-MQW
region, promoting the interdiffusion of group
V-atoms between the wells and barriers. The
interdiffusion reshapes the quantum well profile
by distorting the quantum well/barrier interface,
effectively blue-shifting the bandedge.
Following the QWI process, the implant buffer

layer and 1.3Q stop etch layers are removed using
selective wet chemical etching, leaving a thin InP
regrowth layer on the surface. An MOCVD
regrowth is performed for the growth of a thin
InP:Si layer followed by a 1.3Q:Si stop etch layer,
the InP:Si CTL (1750 Å), the o-MQW consisting
of five quantum wells, and a thin InP:Zn cap. The
wafer is then patterned with SixNy and a selective
wet chemical etch process is carried out such that
the o-MQW remains only in regions where the
c-MQW was blue-shifted. A second MOCVD
regrowth process is performed to grow the p-type
InP:Zn cladding and p-contact InGaAs:Zn layers.
A step by step illustration of this process is shown
in Fig. 4.

4. Experiment and results

4.1. Regrowth surface preparation

The ability to regrow high-quality MQW active
regions in the o-MQW regions is essential for
efficient device components operating in these
sections. Since the offset wells will be placed in
close proximity (2000 Å) and the optical mode will
span and propagate parallel to the regrowth
interface, it is of great importance to achieve a
regrowth surface free from contaminants, which
could act as non-radiative recombination sites.
Thus the pre o-MQW regrowth surface prepara-
tion procedure should be optimal.

In order to study the effect of surface prepara-
tion on regrown MQW quality, the offset quantum
well regrowth was performed on both epitaxial
surfaces not subjected to the QWI process and on
surfaces that had been subjected to QWI as
described in the process section. The study
characterized the influence of three different sur-
face preparation procedures for two different CTL
thicknesses, 500 and 2000 Å.
The first procedure, performed on the control

samples, consisted of only blowing the sample
surfaces with filtered N2. Following this step, the
samples were immediately loaded into the
MOCVD reactor. The second procedure required
the placement of the samples in an oven where
they were exposed to ultraviolet radiation and
ozone (UV ozone) for 60min in order to form an
oxide on the sample surfaces. After they were
removed from the oven, they were blown with N2
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Fig. 4. Step-by-step illustration of the procedure required to

achieve regions of both high and low optical gain in our

architecture. The region on the left again contains the c-MQW

with high optical confinement while that on the right possesses

the o-MQW with a tunable optical confinement.
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and immediately loaded in the MOCVD reactor.
The final regrowth preparation procedure was
identical to that of the second with the addition of
a 3000 buffered hydrofluoric acid (BHF) dip and a
50 rinse with deionized (DI) water. After they were
removed from the DI, the samples were blown dry
with N2 and immediately loaded into the MOCVD
reactor.
Samples of all three cleaning procedures and of

both QWI material and non-QWI epitaxial mate-
rial were subjected to two growths, with the only
difference being the CTL thickness. The growths
began with the CTL layer of either 500 Å or
2000 Å of InP, followed by the o-MQW region
containing four quantum wells (l ¼ 1605 nm) and
a 1000 Å InP cap. Photoluminescence measure-
ments were made on all samples and are presented
in Fig. 5.
Fig. 5a shows the PL intensity of samples

subjected to each of the three preparation proce-
dures for a CTL thickness of 500 Å grown on non-
QWI epitaxial material. From this plot, it is clear
that the preregrowth sample preparation proce-
dure has a large influence on the peak PL intensity
at a CTL thickness of 500 Å. The sample that was
only exposed to the UV ozone and no BHF
demonstrated a 4� increase in intensity over the
control sample and nearly a 3� increase in the
sample dipped in BHF and rinsed with DI water.
Fig. 5b shows the PL results from the same growth
scheme grown on QWI material. The peaks
centered at 1605 nm correspond to the o-MQW
while those centered at 1480 nm correspond to the
QWI c-MQW below. The same trend can be
observed here as in Fig. 5a, with the sample only
exposed to the UV ozone possessing the strongest
intensity and the control sample the weakest.
Exposure to ultraviolet radiation and ozone at

elevated temperatures promotes the formation of a
thin oxide layer on the surface of the sample. The
intention is to remove this oxide just prior to
growth, such that a clean InP surface is exposed
for deposition. The samples exposed to the UV
ozone clearly demonstrated stronger PL intensities
than the control sample, especially on the samples
grown on QWI material.
The two procedures employing the UV ozone in

this study relied on different mechanisms for oxide
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Fig. 5. Photoluminescence data for the three described surface

preparation procedures with quantum wells grown on (a) an

epitaxial InP layer 500 Å from the interface, (b) an InP

regrowth layer with intermixed wells below 500 Å from the

interface, and (c) an epitaxial InP layer 2000 Å from the

interface.
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removal prior to regrowth. The procedure result-
ing in the strongest intensity which did not contain
the BHF dip relied on thermal desorption of the
oxide during the temperature ramp in the reactor
prior to the onset of growth. The sequence of steps
and method of oxide removal in the process using
the BHF dip intrinsically made the regrowth
surface more susceptible to contamination, as it
exposed the surface not only to acid and DI water,
but also to the laboratory and MOCVD loading
environments before the onset of growth. It is
possible that the BHF dip procedure resulted in
residual fluorine ions on the sample surface [4].
Thus the significantly lower PL intensity of the
samples relying on the wet removal of the oxide
can be attributed to contamination at the regrowth
interface.
Fig. 5c presents the PL results from the growth

on non-QWI material with a CTL thickness of
2000 Å. At this CTL thickness the peak PL
intensities are nearly identical and it is clear that
the sample regrowth interface does not strongly
affect the PL properties. The slight difference in
the peak PL intensities of all the samples with the
2000 Å CTL and that exposed to the UV ozone
and no BHF with the 500 Å CTL illustrates the
effectiveness of this surface preparation procedure.

4.2. o-MQW CTL layer smoothness

The QWI process requires the diffusion of
defects, vacancies, through the InP implant buffer
layer, 1.3Q stop etch, thin InP regrowth layer, and
finally into the c-MQW region. Due to the
compositional gradient present at the 1.3Q/InP
regrowth layer interface, the diffusing vacancies
will inevitably result in some degree of intermixing
at this interface. As mentioned above, the 1.3Q
stop etch is removed using a selective wet chemical
etch, to expose the InP regrowth layer. The local
intermixing that occurs at this interface in regions
exposed to QWI will likely result in a roughening
of the regrowth surface compared to regions not
exposed to QWI.
To study the effects of the QWI process on the

regrowth surface, samples were grown and pro-
cessed to simulate the regrowth surface without
the intermixed c-MQW below. The samples con-

sisted of a 1 mm InP buffer layer followed by a
150 Å 1.3Q stop etch layer, and a 4500 Å implant
buffer layer grown on top of an InP:S substrate.
Half of these samples were implanted with P+ as
described in the process section of this article, and
all of the samples were subjected to the rapid
thermal annealing process and the wet etch steps
for removal of the implant buffer layer and stop
etch. Without the intermixed c-MQW region
below, these samples allowed for direct compar-
ison of PL intensities of MQWs grown on
regrowth surfaces both subjected to and not
subjected to the QWI process.
Fig. 6a shows a 5 mm by 5 mm atomic force

microscopy (AFM) scan of a regrowth surface not
subjected to the QWI process demonstrating an
RMS smoothness of 0.176 nm. Fig. 6b shows an
AFM scan of a regrowth surface which had been
subjected to the QWI process demonstrating an
RMS roughness of 1.728 nm. It is clear that the
diffusion of vacancies through the 1.3 Q stop etch/
InP regrowth layer interface degraded the re-
growth surface characteristics.
To achieve high-quality quantum wells, it is

essential that they are grown on a smooth surface
such that thickness variations and scattering losses
can be minimal. From the AFM scans shown in
Fig. 6, it is obvious that for the realization of high-
quality quantum wells in the regions subjected to
QWI, the InP CTL must behave as a smoothing
buffer layer for the growth of the o-MQW.
In order to characterize the smoothing char-

acteristics of the CTL, an interrupted growth
technique was performed. Samples with regrowth
surfaces of both types shown in Fig. 6 were
subjected to a regrowth procedure identical to that
used for the o-MQW growth with the alteration of
interrupting the growth immediately before the o-
MQW. A 2000 Å smoothing CTL was grown
under our standard conditions of a growth
temperature at 590 1C, a reactor pressure at
350Torr, a V/III ratio of 60, and a growth rate
of 3.8 Å/s. AFM scans were performed on both
surfaces following the growth and are presented in
Fig. 7. Box analysis was employed on the AFM
data in which the analysis results over the entire
scan were not representative of the surface. As
shown in Fig. 7, the CTL buffer layer RMS
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roughness over the non-intermixed region was
only slightly higher than that subjected to the
intermixing process, with RMS values of 0.144 and
0.184 nm, respectively. By decreasing the rough-
ness by nearly 10� with a 2000 Å CTL layer, the
ability to achieve a smoothing buffer layer for the
growth of o-MQWs has been demonstrated.
Although the RMS roughness (0.184 nm) of the

buffer layer over the intermixed regions appears
suitable for the growth of high-quality quantum

wells, a study was performed in an attempt to
improve upon the smoothness and understand its
significance at these low roughness values. Three
separate interrupted regrowths on samples sub-
jected to intermixing were performed, with only
the following changes in the MOCVD growth
parameters: the first growth was done at a reactor
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Fig. 6. AFM images of the regrowth surface on a sample (a)

not subjected and (b) subjected to the intermixing process. Fig. 7. AFM images of the CTL layers grown on a sample not

subjected (a) and subjected (b) to the intermixing process. The

growth was interrupted just prior to onset of offset quantum

well growth.
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pressure of 100Torr, the second growth was
performed at a V/III ratio of 30, and the third
growth was done with both a 100Torr reactor
pressure and a V/III ratio of 30. These growth
condition modifications were intended to increase
the surface diffusion length of the group III
adatoms, promoting a smoother growth surface.
AFM scans from the buffer layers grown under the
varying conditions are shown in Fig. 8. The RMS
roughness data indicate that modified conditions
provide a slightly smoother surface with the RMS
values 0.151, 0.153, and 0.135 nm in the respective
order that growth conditions were described.
In order to understand the degree of influence the

slight improvements in smoothness would provide
for the quantum well quality, the samples with the
intermixed regrowth layer with the four different
CTL smoothing layer growth condition schemes
were subjected to another MOCVD regrowth. In
this growth, five quantum wells were grown 500 Å
above the interface. PL measurements were made
on these samples and are presented in Fig. 9a.
According to Fig. 9a, there is no correlation with
the buffer layer smoothness and the quality of the
MQW. With a slight exception of the sample with
only the lowered V/III ratio, the full width at half of
the maximum intensity (FWHM) and peak inten-
sities are nearly identical. This is indicative that the
slight improvements made in the RMS smoothness
of the CTL layer by modifying the reactor
conditions are not necessary for the realization of
high-quality MQW active regions.
For final verification that our standard reactor

conditions are sufficient for the growth of a
smooth/high-quality MQW region above a re-
growth interface subjected to vacancy diffusion, a
non-interrupted growth experiment was per-
formed. In this study, a 5MQW region was grown
2000 Å on both surfaces which had and had not
been subjected to QWI as shown in Figs. 6a and b,
respectively. Photoluminescence measurements
were made on the MQW regions and compared
as shown in Fig. 9b. Since there is no significant
difference in the FWHM of the spectra and the
intensity is slightly higher for the MQW region
grown above the intermixed regrowth surface, the
sufficiency of the standard reactor conditions for
this type of growth was confirmed.

4.3. Fabrication of Fabry–Perot broad area lasers

In the previous sections of this article, it was
shown using AFM and photoluminescence analy-
sis that good MQW material quality can be
achieved on a regrowth surface exposed to
QWI. In this section we describe our final
experiment to determine the suitability of this
material for employment in optoelectronic devices.
Fabry–Perot lasers were fabricated out of material
both exposed and not exposed to QWI on the
same chip. Key figures of merit were then
compared for both sets of devices such as thresh-
old current density, injection efficiency, and
optical loss.
Two device structures were fabricated on the

same chip, one with a c-MQW gain region for high
optical confinement and the second with a reduced
optical confinement utilizing an o-MQW gain
region. The fabrication sequence is as described
in the process section of this article and illustrated
in Fig. 4. Two chips were processed with slightly
different doping schemes in the base structure
waveguide in an attempt to optimize the injection
efficiency of the o-MQW region.
The composition, layer thickness, and doping

levels of the final epitaxial structure for both
regions are given in Table 1. A and B indicated in
the doping level column for the lower 1.3Q
waveguide of the c-MQW represent the two
different doping schemes used in this experiment.
In sample A, neither the upper or lower waveguide
were intentionally doped, and in sample B the
lower waveguide was doped with Si at 1E17 cm�3.
The 2.5E18 cm�3 Zn doping spike was employed
to promote Zn diffusion to compensate the Si
doping in the thin layers above the upper
waveguide necessary for the o-MQW.
Fabry–Perot broad area lasers were fabricated

from both structures on each chip with the two
different doping schemes. In this work the peak
photoluminescence wavelength of the c-MQW was
shifted from 1548 to 1420 nm and the regrown
o-MQW had a peak photoluminescence wave-
length of 1560 nm in the regions where low optical
confinement was desired. The photoluminescence
data are presented in Fig. 10, showing the peak
intensity for the as-grown c-MQW at 1548 nm, the
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intermixed c-MQW at 1420 nm, and the o-MQW
at 1560 nm.
The 50 mm broad area lasers were cleaved into

bars of various lengths and pulse tested. The
inverse differential efficiency was plotted versus
broad area laser length to extract the injection
efficiency and modal loss associated with both
device structures as shown in Fig. 11. The injection
efficiency was extracted and found to be 86% for

the c-MQW for both doping schemes. This
injection is in good agreement with past c-MQW
broad area devices fabricated without the offset
quantum well regrowth. The injection efficiency
in the o-MQW gain region was found to be 61%
for doping scheme A and 80% for doping scheme
B. The improved injection efficiency with the lower
waveguide doped at 1E17 cm�3 in the o-MQW
devices demonstrates the ability to effectively
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Fig. 8. AFM images of the 2000 Å CTL layers grown (a) at 100Torr, (b) V/II=30, and (c) at 100Torr and V/III=30.
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transport electrons across intermixed quantum
wells, and is clearly suitable for insertion into
a more complex PIC. The modal loss for the
c-MQW regions was found to be 26 cm�1, while
the o-MQW devices exhibited a modal loss
of 23 cm�1. The nearly identical performance
of c-MQW devices with the differing doping
schemes indicates that the addition of Si doping
in the lower waveguide does not impose adverse
effects to the DC performance of the c-MQW
region.
Using the finite difference method to solve the

wave equation, the optical confinement was
computed in the broad area devices to be 12.3%
in the c-MQW region and 1.6% in the o-MQW
region for a CTL thickness of 1750 Å. The
experimental threshold modal gain was plotted
as a function of threshold current density in order
to extract the gain parameter and the transparency
current density for both structures with doping
scheme B, as shown in Fig. 12.
A two-parameter fit yielded transparency cur-

rent densities of 43 and 41A/cm2 per well for the
c-MQW and the o-MQW structures, respectively.
The high correlation in transparency current
density and optical loss for both structures
strongly reinforces the AFM and photolumines-
cence studies demonstrating high-quality o-MQW
material grown on a surface subjected to
QWI. The extracted modal gain coefficient for
the c-MQW was 140 cm�1, while the o-MQW
exhibited a modal gain coefficient of 20 cm�1.
Assuming a uniform carrier distribution in
the MQW regions, the material gain coefficient
can be estimated by dividing the modal gain
coefficient by the optical confinement. Using the
computed theoretical optical confinement
values, the material gain coefficient was found
to be in good agreement for both structures,
at 1140 cm�1 for the c-MQW and 1250 cm�1

for the o-MQW. As shown in Eq. (2), the
saturation power of an SOA is inversely propor-
tional to the optical confinement. The reduction
of the optical confinement increased the projected
saturation power from 3.3mW for the c-MQW
structure to 22.9mW for the o-MQW structure
at a current density of 10 kA/cm2, as shown in
Fig. 12.
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Fig. 9. Photoluminescence data for (a) a 5MQW region grown

500 Å above CTL layers shown in Fig. 8 realized using the

described MOCVD reactor conditions and (b) a 5MQW region

grown 2000 Å above intermixed and non-intermixed regrowth

interface.

Fig. 10. Photoluminescence data for the as-grown c-MQW,

intermixed c-MQW, and o-MQW realized on the same chip.
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Table 1

Epitaxial layer structures for the c-MQW and o-MQW regions

c-MQW o-MQW

Material Thickness (Å) Doping (cm�3) Material Thickness (Å) Doping (cm�3)

InGaAs:Zn 1000 2.00E+19

InP:Zn 8,000 1.00E+18

InP:Zn 12,000 7.00E+17

InP:Zn 1,250 2.50E+18

InP 300 NID

InP:Zn 1500 5.00E+17

InP 200 NID

1.22Q 300 NID

o-MQW 5� 70 Å wells 4� 85 Å Bar NID

InGaAs:Zn 1,000 2.00E+19 1.22Q 300 NID

InP:Zn 8,000 1.00E+18 InP:Si 1,500 5.00E+17

InP:Zn 12,000 7.00E+17 InP:Si 300 3.00E+17

InP:Zn 1,250 2.50E+18 InP:Si 100 2.00E+17

InP 300 NID 1.3Q:Si 100 1.00E+17

InP:Si 100 1.00E+17 InP:Si 200 1.00E+17

InP:Si 75 8.00E+16 InP:Si 75 8.00E+16

InP:Si 75 5.00E+16 InP:Si 75 5.00E+16

1.3Q:Si 1,230 NID 1.3Q:Si 1,230 NID

c-MQW 10� 70 Å wells 11� 85 Å Bar NID Intermixed c-MQW 10� 70 Å wells 11� 85 Å Bar NID

1.3Q:Si 1,230 A,B 1.3Q:Si 1,230 A,B

InP:Si 1,000 1.00E+17 InP:Si 1,000 1.00E+17

InP:Si 1,000 5.00E+17 InP:Si 1,000 5.00E+17

InP:Si 17,000 1.00E+18 InP:Si 17,000 1.00E+18

InP:S Substrate 5.00E+18 InP:S Substrate 5.00E+18

Fig. 11. Inverse differential efficiency versus broad area laser

length for the c-MQW structure (solid lines) and the o-MQW

structure (dotted lines) with two different doping schemes.

Fig. 12. Modal gain (hollow markers) and saturation power

(solid markers) versus current density for the c-MQW

(triangles) and o-MQW (circles) structures using a two-

parameter fit and radiative recombination coefficient

(B ¼ 0:3� 10210 cm3=s) and Auger recombination coefficient

(C ¼ 6� 10229 cm6=s).
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5. Conclusion

We have characterized the material growth
aspects vital to a novel architecture allowing for
the realization of regions with high and low modal
gain on the same chip. This technology will enable
the monolithic integration of high-modal gain
diode lasers and high gain/saturation power SOAs.
A surface preparation procedure was devised

allowing for the growth of high quality MQW
active regions in close vicinity to the regrowth
interface. The effects of vacancy diffusion through
the stop etch/InP interface during the QWI process
on the smoothness of the InP were shown, in
which the intermixed interface had an RMS
roughness 10� greater than that not subjected
to vacancy diffusion. However, it was shown that
with a 2000 Å thick layer grown above this rough
regrowth surface, the RMS roughness can be
reduced by 10� , making it suitable for quantum
well growth. Furthermore, it was demonstrated
that at the RMS values we achieve using our
standard MOCVD growth conditions, slight im-
provements in the smoothness realized by altering
the growth parameters do not result in higher
intensity or a narrower FWHM photolumines-
cence spectra.
Finally, Fabry–Perot broad area lasers were

fabricated from both the c-MQW high confine-
ment and o-MQW low confinement active regions
realized on the same chip. By doping the lower
waveguide of the c-MQW structure at 1E17 cm�3

with Si, the injection efficiency in the o-MQW was
improved from 61% to 80% with no performance
degradation of the c-MQW region. The high
injection efficiency of the novel o-MQW structure
implies effective electron transport through QWI

material. The o-MQW demonstrated nearly an
order of magnitude reduction in the modal gain,
which is in close correlation with our simulations.
The photoluminescence and atomic force micro-
scopy results coupled with the single-chip fabrica-
tion of efficient broad area lasers of both c-MQW
and o-MQW active regions confirm our ability to
achieve a device architecture that will enable the
monolithic integration of high gain diode lasers
with high gain/saturation power semiconductor
optical amplifiers.
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Abstract

High index contrast InGaAsP/InP gratings are useful in the design of next generation photonic integrated circuits.

Here, we investigate the process conditions used in the formation of such gratings. We find that the reactive ion etch

conditions have a strong influence on the radiative efficiency in the grating region. We also show that the use of a

combination of TBP and TBA in the heat-up phase of growth results in a reduction of the group-V exchange in the

grating region, thereby increasing the radiative efficiency, while not adversely affecting non-grating regions.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is clear that as the InP-based opto-electronic
devices industry matures, it is desirable to optically
interconnect components with differing function-
alities on the same chip. These photonic integrated
circuits (PICs) will provide cost reduction, im-

proved performance, and increased functionality
beyond what is capable presently with discrete
components. Such PICs will be required to source
and sink photons using devices such as lasers/
amplifiers for the former, and modulators/detec-
tors for the latter.

A key component within a PIC is the semi-
conductor laser. Monolithic integration of diode
lasers with other components requires the litho-
graphic definition of at least one reflector. Many of
these lasers make use of the distributed Bragg
reflector (DBR) or some variation, such as the
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sampled-grating (SG) DBR. In most cases, it is
desirable to maximize the grating coupling coeffi-
cient k; for the realization of strong reflectors and/
or to minimize the length of the reflector [1].

We investigate the process and regrowth condi-
tions for the formation of high-k (250 cm�1)
gratings in the InP/InGaAsP material system using
the low-toxicity group-V precursors tertiarybutyl-
phosphine (TPB) and tertiarybutylarsine (TBA).
Photoluminescence measurements were used as a
qualitative comparison of the carrier radiative
efficiency in the grating regions as opposed to non-
grating regions for different etch and regrowth
conditions.

2. Theory

It has been shown that for SG-DBR reflectors
used in the widely tunable SG-DBR laser, it is
advantageous to maximize k in order to maintain a
high reflectivity while minimizing the burst length
[2]. A large value of k is also beneficial in the
design of short-cavity DBR laser structures, where
the effective penetration depth of the DBR should
be minimized to reduce loss in the mirror and
maximize the cavity mode spacing [3]. The
formation of strong k gratings can be accom-
plished in several ways. Here, we use a two-step
process, where gratings are first selectively etched
into the waveguide core, as shown in Fig. 1 side B;
this is followed by an epitaxial regrowth of InP to
bury the gratings such that the refractive index
contrast in the grating is an effective refractive
index difference between the etched and non-
etched portion of the waveguide core:

k ¼
4

p
2D �n

l

� �
: (1)

The coupling coefficient of a grating structure is
given by Eq. (1), where D �n is the difference in
effective index in the grating region, l is the
wavelength, and 4=p a factor gained for a square
grating profile. As described in Eq. (1), k is directly
proportional to the effective refractive index
contrast between the grating teeth, and can be
increased by increasing the difference in the
refractive index of the material constituting the

waveguide structure, and/or an increase in the
grating etch depth. The refractive index difference
between the waveguide core and cladding is set by
the design of the waveguide structure. Therefore,
in this case, the grating etch depth is the only free
parameter to control the strength of the grating.

3. Experiment

The epitaxial base structure used for these
experiments was grown using a Thomas Swan
Scientific Equipment Ltd. (TSSE) horizontal-flow
rotating-disc metalorganic chemical vapor deposi-
tion (MOCVD) system. The base structure was
grown on sulfur-doped InP misoriented 0.21
towards /1 1 1SA, and consisted of a 2 mm InP:Si
lower cladding layer, a 200 nm 1.4Q (InGaAsP
lg ¼ 1400 nm) waveguide core, followed by a
15 nm InP:NID regrowth interface layer.

The quality of the regrowth in regions where
gratings have not been patterned, as shown in Fig.
1 side A, has been previously investigated through
visual inspection and measurement of the tuning
efficiency in Ref. [4], and found that a thin InP
layer is sufficient for achieving quality regrowth in
those areas. In this work, we focus on the influence
that the grating etch parameters, regrowth surface
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Fig. 1. Layer structure used for grating regrowth photolumi-

nescence experiments indicating (A) non-grating region and (B)

grating region. 1.4Q stands for InGaAsP whose bandgap

wavelength is 1.4 mm.
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preparation, and regrowth conditions have on
producing a high-quality regrowth interface.

In order to study the grating etch, surface
preparation, and regrowth conditions, two sets of
experiments were conducted using samples with
gratings patterned over 50% of the sample surface.
The first investigated the grating etch and re-
growth conditions, while the second investigated
the grating surface preparation using the most
favorable etch and regrowth conditions as deter-
mined from the previous experiment. A significant
improvement in material quality was achieved as
determined from photoluminescence experiments.

3.1. Reactive ion etch

The reactive ion etch (RIE) used for grating
formation is an integral part of the grating process
as it allows for a square grating profile. The
conditions of the grating etch can have a great
impact on the quality of the material (post)
regrowth. It has been shown that a RIE using a
high bias voltage (4300 V) produces damage in
the remaining crystal [5].

In the past, a grating etch process based on a
two-step RIE was used using a methane/hydrogen/
argon (MHA) chemistry at flows of 4/20/10 sccm,
respectively [4]. The two-step etch process con-
sisted of a low-voltage, high-pressure (200 V, 14 W,
125 mTorr) etch, which forms a polymer on the
surface of the resist, protecting it during a high-
voltage, low-pressure etch (500 V, 85 W,
75 mTorr). Although this process yields a square
grating profile, the etch rate for the high-voltage
etch is extremely fast (�8 Å/s) making repeatabil-
ity difficult, and leaving damage in the remaining
crystal. In this study, the goal was to investigate a
new set of etch conditions such that the square
grating profile is maintained, while minimizing
etch damage and improving repeatability.

The grating etch process was investigated using
the epitaxial base structure described above. The
wafer was cleaved into quarters, Q1–Q4, and
20 nm of SiOxNy was patterned to serve as a
grating etch mask. Gratings with a pitch of 240 nm
were defined holographically in 70 nm of photo-
resist. The samples were subjected to two etch
processes A and B, summarized in Table 1. Etch A

uses the two-step etch method, discussed above.
Etch B uses a reduced etch voltage of 200 V (14 W)
at a pressure of 75 mTorr. The lower etch voltage
yields a lower etch rate (�2 Å/s), allowing samples
to be etched to a particular depth with more
accuracy. The gas chemistry used for etch B did
not change from etch A. All samples were etched
to the same depth, 50 nm.

An identical surface preparation was performed
on all samples post-grating etch; and consisted of a
plasma etch with O2 flow of 20 sccm, bias voltage
of 300 V (40 W), and a pressure of 125 mTorr for
5min, followed by immersion in a photoresist
developer, an acetone and isopropyl alcohol soak.
The process continued with a HF soak to strip the
SiOxNy, a 60 min UV-ozone treatment, buffered-
HF strip, and DI water rinse.

3.2. MOCVD regrowth

The MOCVD regrowth conditions are another
important aspect of achieving high-quality grating
overgrowth. There are a great deal of parameters
that can influence the quality of the regrowth, such
as the temperature, pressure, pre-growth bake
time, and group-V overpressure ratio. As de-
scribed in Ref. [6], an improved grating over-
growth profile and a reduction in the density of
visible growth defects was accomplished by adding
AsH3 in the heat-up stage to stabilize the InGaAsP
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Table 1

Summary of the experimental conditions for the grating etch

and regrowth experiments

Regrowth A Regrowth B

Ramp to 615 1C Ramp to 615 1C

P�
TBP 1.0Torr P�

TBP 1.0 Torr

Hold 615 1C 50 P�
TBA 0.07Torr

Initial Rg 25% Initial Rg 6.25%

Etch A

MHA 4/20/10 sccm Q1 Q2

200V 125mTorr

500V 75mTorr

Etch B

MHA 4/20/10 sccm Q3 Q4

200V 75mTorr
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surface, and by using a low initial growth rate to
minimize growth defects and aid in grating
preservation.

Here, we take a similar approach, using a low
initial growth rate and the addition of an arsenic
overpressure during the heat-up stage. A key
difference in our process compared to that in
Ref. [6], is the use of liquid group-V precursors
TBP and TBA. Not only does the use of TBP and
TBA offer greater flexibility in the growth
temperature due to their lower pyrolysis tempera-
tures, but also, unlike PH3 and AsH3, they
decompose without the aid of a surface. A
homogeneous reaction results in greater controll-
ability, repeatability, and uniformity [7].

In this study, the group-V overpressure ratio,
pre-growth bake time, and the initial growth rate
were varied from the standard conditions. The
carrier flow and reactor pressure remained con-
stant for both regrowth programs at 16 slm and
350 Torr, respectively. The standard regrowth,
regrowth A, consisted of a warm-up under a
TBP overpressure of 1 Torr and a 5-min pre-
growth bake at a growth temperature of 615 1C. A
stepped growth rate schedule was used with an
initial growth rate of 1

4 th that of the full growth
rate. This growth procedure yielded good material
quality in non-grating regions. Regrowth proce-
dure B consists of a warm-up under TBP and TBA
overpressure, 1 and 0.07 Torr, respectively, the
elimination of the pre-growth bake, and an initial
growth rate of 1

16
th that of the full growth rate.

The introduction of a slight arsenic overpressure
stabilizes the quaternary material in the grating
regions, while not allowing a significant arsenic/
phosphorous exchange in the regions covered by
InP in non-grating regions. The reduction in the
initial growth rate is used to reduce the formation
of defects and voids that may otherwise have
formed using a higher initial growth rate. Table 1
summarizes the MOCVD regrowth conditions.

4. Results and discussion

The RIE and the MOCVD regrowth conditions
play a crucial role in determining the quality of the
material in the grating region. Photoluminescence

measurements, using a pump laser at 785 nm, were
used to ascertain the quality of the material in the
grating region as compared to the non-grating
region. As discussed above, the first experiment
involved a study of two grating etch processes and
two MOCVD regrowth procedures. The photo-
luminescence results are summarized in Fig. 2.

As shown in Fig. 2, the photoluminescence
intensity for the non-grating region is not affected
by the change in the etch process or the modified
regrowth program, as expected. However, the
photoluminescence intensity of the regions with
gratings are strongly affected by the change in the
etch process and MOCVD regrowth program.
Specifically, those samples subjected to regrowth
program A yield virtually no photoluminescence
intensity as compared to the regions without
gratings. The samples subjected to regrowth
program B show measurable photoluminescence
intensity for both etch conditions, indicating
greater radiative carrier efficiency. The samples
subjected to etch process B and regrowth program
B show the highest photoluminescence intensity. A
summary of the photoluminescence intensity
results is given in Table 2.

To further study how the etch process affects the
photoluminescence intensity, another set of sam-
ples were prepared varying the surface preparation
post-etch. For this experiment, a similar epitaxial
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Fig. 2. Photoluminescence spectra in non-grating region (solid-

symbols) and grating region (open-symbols) for experiments Q1

(circles), Q2 (squares), Q3 (triangles), and Q4 (diamonds).
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base structure was grown and gratings patterned in
an identical fashion. Gratings were etched using
etch process B, the most favorable RIE conditions
found in the previous experiment. From there, two
surface preparations were conducted, the first,
surface process A, was a control sample Q5, and
was identical to that used in the previous set of
experiments. The other, surface process B, sample
Q6, made use of a lower voltage O2 plasma etch
(200 V, 23 W) at the same pressure and flow, and
the addition of a 1 min H2SO4 soak prior to the
SiOxNy strip, with all other steps the same. For
both samples the process concluded with MOCVD
regrowth B.

The results of the surface preparation study are
shown in Fig. 3. As is evident from the figure, the
surface preparation B, which included a reduced
O2 plasma etch and an additional H2SO4 soak,
improved the photoluminescence intensity ratio
over the control sample using etch process B,
surface preparation A, and regrowth B. In this
experiment, the ratio of the photoluminescence
intensity for the control sample was 23.6%, almost
identical to that found previously, 23.9%. The
modified surface preparation, surface preparation
B, demonstrated a marked improvement in the
photoluminescence intensity ratio at 34.2%. From
these experiments, it is clear that etch B, surface

preparation B, and regrowth B are the most
favorable process conditions.

The photoluminescence intensity results indicate
that the etch process, regrowth conditions, and
surface preparation play a major role in determin-
ing the radiative carrier efficiency in the grating
region. The addition of TBA as a source of
arsenic during the heat-up phase of MOCVD
regrowth, along with the other modifications,
enhances the quality of the regrowth interface by
the reduction of group-V exchange on the
surface of the exposed InGaAsP. This surface
stabilization results in an improved heterointer-
face, the absence of lattice mismatched interfacial
layers, and the reduction of non-radiative recom-
bination centers as suggested by photolumines-
cence intensity measurements.

The RIE, on the other hand, is directly
responsible for the creation of non-radiative
recombination centers in the InGaAsP material.
The high bias voltage used in etch process A,
creates noticeably more damage in the crystal
versus the low-voltage etch process B, as indicated
by the poor radiative recombination efficiency.
Similarly, the surface preparation process B,
incorporating a lower voltage O2 plasma etch, is
responsible for reducing the number of non-
radiative recombination centers.
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Table 2

Photoluminescence intensity ratios for the grating region

(IPL
grating) versus the non-grating region (IPL

non-grating) for the etch

and regrowth conditions stated.

Regrowth A Regrowth B

Ramp to 615 1C Ramp to 615 1C

P�
TBP 1.0 Torr P�

TBP 1.0Torr

Hold 615 1C 50 P�
TBA 0.07Torr

Initial Rg 25% Initial Rg 6.25%

Etch A

MHA 4/20/10 sccm 0.90% 6.82%

200V 125mTorr

500V 75mTorr

Etch B

MHA 4/20/10 sccm 0.92% 23.90%

200V 75mTorr
Fig. 3. Photoluminescence spectra in non-grating region (solid-

symbols) and grating region (open-symbols) for experiments Q5

(circles), Q6 (squares).
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5. Conclusion

A large improvement in the radiative
efficiency in regions where high-contrast In-
GaAsP/InP gratings are present was achieved
through the manipulation of the process
conditions. In regions where gratings were not
patterned, the photoluminescence intensity
remained constant, indicating that the
modified process conditions do not adversely
affect those regions. The radiative efficiency
in the grating regions is improved using a
lower RIE voltage and a lower voltage O2

plasma etch. The combination of the addition
of TBA as a source of arsenic in the heat-up phase
of the MOCVD regrowth, the reduction of bake
time prior to growth, and a reduced initial growth
rate also contribute to an improved radiative
efficiency.

The trends discussed may be extended such that
a further refinement of the process conditions
could be applied to gain an incremental improve-
ment of the radiative efficiency in the grating
regions.
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