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2.1 Introduction
The emphasis of this research program is the epitaxial growth and processing of III-V compound semiconductors. The epitaxial growth of the heterostructures is performed in the chemical beam epitaxy
laboratory. The laboratory consists of two gaseous
source epitaxy reactors interconnected to several
smaller chambers, which are used for sample introduction and in-situ surface analysis. Such a multichamber epitaxy system allows heterostructures to
be fabricated within a continuous ultrahigh vacuum
environment.
In the following sections, the status of the various IIIV-based projects will be discussed. The III-V GSMBE
system is utilized for (1) the development of
(In,Ga)(As,P)-based optical devices for all-optical
communication networks, (2) the fabrication of GaAsbased devices implementing one- and two-dimensional photonic bandgap crystals within their structure, and (3) the fabrication of bipolar quantum
cascade in-plane lasers.

2.2 Development of Semiconductor
Optical Devices for All-Optical
Communication Networks
Sponsors
MIT Lincoln Laboratory
U.S. Air Force - Office of Scientific Research
Grant F49620-96-1-0126

2.2.1 Overgrowth of Rectangular-Patterned
(In,Ga)(As,P) Surfaces
Project Staff
Professor Leslie A. Kolodziejski, Professor Henry I.
Smith, Professor Hermann A. Haus, Dr. Mark S.
Goorsky,1 Dr. Gale S. Petrich, Elisabeth M. Koontz,
Greg D. U’Ren,1 Michael H. Lim, Thomas E. Murphy,
M. Jalal Khan
The use of wavelength division multiplexing (WDM)
to expand the capacity of optical fiber communication
systems is further enhanced by the minimization of
the channel separation. Moreover, implementation of
high-density WDM systems requires narrow-band
optical filters capable of selecting a single wavelength channel, while simultaneously leaving the
remaining channels undisturbed. Waveguide-coupled Bragg-resonant filters provide a means of
achieving narrow bandwidth filtering as required by
high-density WDM.2 However, acceptable optical device performance of the filter is contingent upon the
ability to maintain the integrity and the profile of the
as-fabricated rectangular-patterned Bragg resonators during the epitaxial overgrowth of the cladding
layer.3 Additional information regarding the nanolithographic fabrication of the Bragg-resonant filters may
be found in Professor Henry I. Smith’s chapter (Part
1, Section 1, Chapter 3).
In order to fabricate the Bragg-resonant filters, ~3.0
mm of InP must be epitaxially deposited on InGaAsP
rectangular-patterned gratings without altering the

1 Department of Materials Science and Engineering, University of California at Los Angeles, Los Angeles, California.
2 H.A. Haus and Y. Lai, “Narrow-Band Distributed Feedback Reflector Design,” J. Lightwave Technol. 9(6): 754-60 (1991); H.A. Haus and
Y. Lai, “Narrow-Band Optical Channel-Dropping Filter,” J. Lightwave Technol. 10(1): 57-62 (1992).
3 J.N. Damask, “Practical Design of Side-Coupled Quarter-Wave Shifted Distributed-Bragg Resonant Filters,” J. Lightwave Technol.
14(5): 812-21 (1996); J.N. Damask, private communication.
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grating profile. A low temperature atomic hydrogenassisted oxide removal technique provides the
means to avoid extended periods of time at the substrate temperatures required for gas source molecular beam epitaxial growth, thereby minimizing mass
transport effects. 4
Using the atomic hydrogen-assisted grating preservation technique, a structure similar to that required
for the optical filter was fabricated and analyzed to
assess the grating fidelity. A scanning electron micrograph of an In0.77Ga0.23As0.43P0.57 rectangular-patterned grating fabricated via x-ray lithography and
reactive ion etching is shown in Figure 1. Microstructural analysis of the samples is accomplished via
reciprocal space maps generated by triple axis x-ray
diffractometry. Figure 2 depicts a (224) reciprocal
space map of the grating that was shown in Figure 1
with ~1.0 mm of InP deposited on the patterned surface.

Simulations of a trapezoidal-shaped grating of the
same dimensions reveal that the ±2nd order satellite
features are expected to have finite intensity, with a
magnitude similar to the ±3rd order satellite reflections. For the overgrown structure (see Figure 2), the
±2nd order satellites are more intense than the ±3rd
order reflections, and the additional intensity is attributed to the presence of strain in both the InGaAsP
grating teeth and the InP grating trenches.
In addition to the ±2nd order satellite features, the
asymmetric (224) reciprocal space map in Figure 2
shows significant intensity in the -1st order satellite
reflection about the InP Bragg peak, which corresponds to a shift in the diffraction envelope to negative Dqx values. Similarly, the +1st order satellite
reflection about the InGaAsP Bragg peak show
higher intensity, corresponding to a shift of the envelope to positive Dqx values. The presence of additional intensity suggests that strain is present and is
opposite in sense and of similar magnitude5 as would
be expected. The magnitude of the strain in the InP
material residing in the trenches has been determined to be ex = 5.6 ± 1.5 ´ 10−4, ey = 0, and
ez = -8.5 ± 0.5 ´ 10−4 with respect to the InP substrate. The magnitude of the strain in the InGaAsP
material residing within the teeth has been determined to be ex = -3.3 ± 1.5 ´ 10−4, ey = 0, and

Figure 1. A scanning electron micrograph of a
rectangular-patterned grating fabricated in
In0.77Ga0.23As0.43P0.57 on InP.

As expected for the overgrown grating, satellite
fringes due to the grating are apparent near both the
InGaAsP (Dqz ~ 28 mm-1) and InP (Dqz = 0 mm-1)
peaks, as shown in Figure 2. However, the ±2nd order
satellite fringes are present both prior to and after
overgrowth. From the scanning electron micrograph
of Figure 1, the duty cycle is approximately 42%.

ez = 7.7 ± 1.5 ´ 10−4 with respect to the epilayer
InGaAsP peak. A loss of in-plane symmetry occurs
due to the one-dimensional surface grating, and
hence, the unit cell of the material residing within the
grating has assumed an orthorhombic Bravais lattice.
The minimal orthorhombic strain is expected to influence the index of refraction, but by an amount that
will not impact the optical device performance. Thus,
the successful preservation of rectangular-patterned
surfaces following epitaxial growth suggests that
devices incorporating abrupt refractive index variations will operate as designed.

4 E.M. Koontz, M.H. Lim, V.V. Wong, G.S. Petrich, L. A. Kolodziejski, H.I. Smith, M.S. Goorsky, and K.M. Matney, Proceedings of the Ninth
International Conference on InP and Related Materials (Piscataway, New Jersey: IEEE, 1997), pp. 62-65; E.M. Koontz, M.H. Lim, V.V.
Wong, G.S. Petrich, L.A. Kolodziejski, H.I. Smith, K.M. Matney, G.D. U’Ren, and M.S. Goorsky, “Preservation of Rectangular-Patterned
InP Gratings Overgrown by Gas Source Molecular Beam Epitaxy,” Appl. Phys. Lett. 71(10): 1400-02 (1997).
5 G.D. U’Ren, M.S. Goorsky, E.M. Koontz, M.H. Lim, G.S. Petrich, L.A. Kolodziejski, V.V. Wong, H.I. Smith, K.M. Matney and M. Wormington, “Analysis of Lattice Distortions in High Quality InGaAsP Epitaxial Overgrowth of Rectangular-Patterned InP Gratings,” J. Vac. Sci.
Technol. B 16: 1381-84 (1998); V. Holy, A.A. Darhuber, G. Bauer, P.D. Wang, Y.P. Song, C.M. Sotomayor-Torres, and M.C. Holland,
“Elastic Strains in GaAs/AlAs Quantum Dots Studied by High-Resolution X-ray Diffraction,” Phys. Rev. B 52(11): 8348-57 (1995).
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2.2.2 Development of Semiconductor
Saturable Absorber Mirrors for
Modelocked Fiber Lasers
Project Staff
Professor Leslie A. Kolodziejski, Professor Erich P.
Ippen, Dr. Franz X. Kärtner, Dr. David J. Jones,6 Dr.
Markus Joschko, Dr. Patrick Langlois, Elisabeth M.
Koontz, Erik R. Thoen, Thomas R. Schibli
Passive modelocking is currently the most robust
method of generating ultrashort (femtosecond)
pulses in lasers. The shortest pulses to date, using a
semiconductor saturable absorber mirror to initiate
modelocking in a Ti:Sapphire laser, are 6.5 fsec.7
Due to the widespread use of semiconductor saturable absorber mirrors, it is important to characterize
the devices so as to fully understand their principles
of operation.
The saturable absorber mirrors fabricated thus far
consist of gas source molecular beam epitaxiallydeposited InP-based absorbers on GaAs-based distributed Bragg reflectors (DBRs). The DBR contains
22 pairs of quarter-wave AlAs/GaAs layers, producing a reflectivity greater than 99% centered at l~1.55
mm. The InP-based absorber consists of four InGaAs
quantum wells (l~1.53 mm) centered within an InP
half-wave layer. The absorption characteristics of the
structure are altered via the deposition of dielectric
coatings (either antireflection coatings or coatings
which create a weak resonant cavity about the halfwave layer).

Figure 2. A (224) reciprocal space map of ~1.0 µm of InP
deposited on the InGaAsP. The reciprocal space map
intensity scale is 1-104. The arrows indicate the diffraction
envelope shifts due to strain.

Measurements of the reflectivity change as a function of the incident energy density (saturation fluence
measurements) of saturable absorber mirrors have
been performed over a range of energy densities that
reveal two photon absorption (TPA). Shown in Figure
3 and Figure 4 are saturation fluence measurements
of the same semiconductor saturable absorber mirror
with different dielectric coatings (the structures are
depicted in the figure insets). These measurements
were performed at l=1.54 mm with 150 fs pulses generated by a synchronously-pumped optical parametric oscillator. At low energy densities, the change in
reflectivity due to absorption bleaching is apparent.
As the energy density is increased, a large drop in

6 JILA, University of Colorado and National Institute of Science and Technology, Boulder, Colorado.
7 I.D. Jung, F.X. Kärtner, N. Matuschek, D. Sutter, F. Morier-Genoud, U. Keller, V. Scheuer, M. Tilsch, T. Tschudi, and R. Szipocs, “SelfStarting 6.5 fs Pulses from a KLM Ti:Sapphire Laser,” Proceedings of the Conference on Lasers and Electro-Optics (Washington, D.C.:
Optical Society of America, 1997), vol. 11, p. 35.
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reflectivity is observed, suggesting the presence of
TPA. Incorporation of TPA in the commonly used fast
absorber model8 generates an accurate fit to the
experimental data as shown in Figure 3 and Figure 4,
confirming the significance of TPA for these absorber
mirror structures.
Since the magnitude of TPA is linearly dependent on
the intensity incident on the absorber mirror, for a
given structure, the TPA threshold will be determined
by its absorption characteristics. Alteration of the
absorption behavior by the dielectric coatings is
observable at both energy density extremes. At low
energy densities, an increase in the magnitude of

absorption and the simultaneous decrease in the
energy density required to saturate the absorber is
apparent for the resonantly coated structure (Figure
4). At high energy densities, the onset of the reflectivity drop in the resonantly-coated absorber mirror
occurs at an energy density ~4 times smaller (Figure
4) than that for the antireflection-coated structure
(Figure 3). Distributed Bragg reflectors without an
absorber were also measured over the same energy
density range, revealing no change in reflectivity and
verifying the presence of TPA within the half-wave
InP absorber region.

Figure 3. A saturation fluence measurement of a saturable absorber mirror structure with a single antireflection layer
(quarter-wave layer of Al2O3). The experimental data is depicted as solid dots. The data fit was calculated using the fast
absorber model with two photon absorption effects included.

As revealed by the saturation fluence measurements, TPA effectively limits the range of energy densities in which the absorber mirror will behave as a
bleached absorber independent of other effects.
Thus, for a given semiconductor saturable absorber
mirror structure, there exists a limited energy density

range over which it will provide a modelocking mechanism. Within this limited range of usable energy
densities, the absorber will effectively perform two
functions when placed in a laser cavity; the suppression of Q-switched and Q-switched modelocked
operation, and the limitation of the minimum achiev-

8 F.X. Kärtner, J. Aus der Au, and U. Keller, “Mode-Locking with Slow and Fast Saturable Absorbers–What’s the Difference?” IEEE J.
Select. Topics Quantum Electron. 4(2): 159-68 (1998).
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able modelocked pulsewidth. In each of these cases,
at high energy densities, the cavity losses will
increase due to TPA, beneficially reducing the
achievable Q-switched and Q-switched modelocking
regime and detrimentally restricting the single pulse
continuous-wave modelocking regime. A detailed

description of the performance of modelocked fiber
lasers implementing these saturable absorber mirrors may be found in Professor Erich P. Ippen’s chapter (Part 1, Section 3, Chapter 1).

Figure 4. A saturation fluence measurement of a saturable absorber mirror structure with a 5 layer Al2O3/Si coating
creating a weak resonant cavity about the InP half-wave layer. The experimental data is depicted as solid dots. The data fit
was calculated using the fast absorber model with two photon absorption effects included.

2.2.3 Development of Semiconductor
Optical Amplifiers for All-Optical
Signal Processing
Sponsor
MIT Lincoln Laboratory
Project Staff
Professor Leslie A. Kolodziejski, Dr. Katherine L.
Hall, Dr. Mark Kuznetsov, Dr. Joseph Donnelly, Dr.
Gale S. Petrich, Elisabeth M. Koontz, Sajan Saini

Ultrafast all-optical time-division-multiplexed communication networks with data rates of 100 Gbits/s are
currently being developed.9 At these ultrafast
speeds, significant data processing can not be
accomplished. Thus, network elements incorporating
all-optical switches, capable of operating at 100
Gbits/s and higher, are required. The use of a semiconductor optical amplifier (SOA) as the nonlinear
medium in all-optical switches, as opposed to a fiber
amplifier, is attractive; semiconductors have a
greater intensity-dependent refractive index modulation and more amplification within a given length.10
The ultrafast nonlinear interferometer (UNI) is a sin-

9 R.A. Barry, V.S. Chan, K.L. Hall, E.S. Kintzer, J.D. Moores, K.A. Rauschenbach, E.A. Swanson, L.E. Adams, C.R. Doerr, S.G. Finn, H.A.
Haus, E.P. Ippen, W.S. Wong, and M. Haner, “All-Optical Network Consortium-Ultrafast TDM Networks,” IEEE J. Select. Areas Commun. 14(5): 999-1013 (1996).
10 N.S. Patel, K.A. Rauschenbach, and K.L. Hall, “40-Gb/s Demultiplexing Using an Ultrafast Nonlinear Interferometer (UNI),” IEEE Photon. Technol. Lett. 8(12): 1695-97 (1996); N.S. Patel, K.L. Hall, and K.A. Rauschenbach, “Interferometric All-Optical Switches for
Ultrafast Signal Processing,” Appl. Opt. 37(14): 2831-42 (1998).
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gle arm interferometric all-optical switch that utilizes
a SOA.11 Thus far, the UNI has been demonstrated at
speeds up to 40 Gbits/s.12 The current work, in collaboration with MIT Lincoln Laboratories, involves the
development of a SOA optimized for a UNI operating
at 100 Gbits/s.

ment. Following the definition of the ridges, the
waveguides were covered with a protective oxide
layer, the substrate was thinned, and the devices
were cleaved to various lengths.

A schematic of the current SOA structure that is to be
grown by gas source molecular beam epitaxy, is
shown in Figure 5. The device facets will be cleaved
at an angle with respect to the direction of propagation, and an antireflective coating will be deposited
on the facets; this effectively eliminates the formation
of a Fabry-Perot cavity. With the absence of a FabryPerot cavity and stimulated emission, a population
inversion within the active region can be stably maintained. Hence, the active region, with a bandgap of
l » 1.57 mm, will act as an amplifier for l = 1.55 mm
light propagating through the device. InGaAsP cladding layers surrounded by InP layers that contain a
dopant gradient, form the remaining elements of the
heterostructure as shown in Figure 5. Light transmitting through the SOA will be laterally confined by a
strip-loaded waveguide geometry. The resulting
effective refractive index contrast will confine the
propagating mode to the region below the ridgedefined waveguide.13
In preparation for processing the SOA, the fabrication of passive waveguides was performed. The
waveguide structure consisted of an organo-metallic
vapor phase epitaxy-grown InGaAsP/InP heterostructure (comprised of InGaAsP guiding and cladding layers, surrounded by an InP cladding layer).
The strip-loaded geometry was defined by standard
photolithographic techniques. The ridges were
defined via reactive ion etching (RIE) (to a trench
depth of ~1.2 mm) followed by a wet chemical etch
(HCl:H3PO4 = 1:3) to remove the last ~0.2 mm of
material. Although RIE defines the ridges with
straight sidewalls, the resulting trench basal plane
can have a roughness of ~0.1 mm. Hence, the role of
the wet etch is to remove the remaining material in
the trenches and smoothly terminate on the InGaAsP
etch stop layer. The resulting smooth trench basal
plane provides a more uniform refractive index contrast resulting in better lateral waveguide confine-

Figure 5. The proposed Semiconductor Optical Amplifier
(SOA) heterostructure. Listed alongside are the layer
thicknesses. The active region (black) is composed of
In0.56Ga0.44As0.92P0.08, the cladding regions (dark grey)
are In0.91Ga0.09As0.2P0.8, ohmic contact and etch stop
layers (light grey) are In0.79Ga0.21As0.45P0.55. The topmost
ternary contact layer is In0.53Ga0.47As.

The passive waveguides were characterized by loss
measurements. For these measurements, a distributed feedback laser was coupled into the waveguide
layer, and a Vidicon camera recorded the transmitted
output intensity. Constructive or destructive reflections within the waveguide Fabry-Perot cavity, as a
function of wavelength between l = 1549.655 nm
and l = 1550.302 nm, produces an oscillatory output

11 N.S. Patel, K.L. Hall, and K.A. Rauschenbach, “Interferometric All-Optical Switches for Ultrafast Signal Processing,” Appl. Opt. 37(14):
2831-42 (1998).
12 N.S. Patel, K.L. Hall, and K.A. Rauschenbach, “40-Gbit/s Cascadable All-Optical Logic with an Ultrafast Nonlinear Interferometer,”
Optics Lett. 21(18): 1466-68 (1996).
13 G. Hunsperger, Integrated Optics. Theory and Technology. 4th edition New York: Springer-Verlag (1995); H. Furuta, H. Noda, and A.
Ihaya, “Novel Optical Waveguide for Integrated Optics,” Appl. Opt. 13: 322-26 (1974).

20 RLE Progress Report Number 141

Part I, Section 1, Chapter 2. Epitaxial Growth of Semiconductors

intensity. The facet reflectivity and the active layer
absorption loss are both determined from the output
intensity peak-to-valley ratio.14 A loss of a » 0.6 cm-1
and a reflectivity of R » 0.3 were measured for the
processed devices. These measurements are comparable to those waveguides that were previously
processed from this same heterostructure, and are
consistent with the published results on InGaAsP
material loss calculations at l » 1.3 mm
(a » 0.01 cm-1)15 and the experimental loss measurements of doped InP:n and InP:n++ (a = 0.1 cm-1 and 8
cm-1, respectively).16 The InGaAsP loss calculation
gives a lower limit for the loss, which is determined
by the intrinsic material quality. An order of magnitude change in loss, as a function of doping in InP,
underscores the importance of free carrier absorption
in waveguiding materials.

shown in Figure 5. An unintentionally-doped epilayer
was also deposited, in order to evaluate the background doping concentration within the GSMBE
growth reactor. Dopant concentrations in the epilayers were determined by Hall Effect measurements of
the mobility and sheet resistivity, using the van der
Pauw17 four probe clover leaf geometry technique.18
Corrections to the conducting layer thickness were
calculated in order to account for the formation of a
depletion zone at the surface (surface state Fermi
level pinning) and at the epilayer-substrate boundary
(mismatch of doping concentration). For all doped
samples, the correction factor was <10%. The results
are shown in Table 1, with the depletion zone correction applied only to the undoped sample data. The
measured mobility versus doping concentration values are largely consistent with the work of others.19

In preparation for the epitaxial growth of the SOA
structure, calibration of the dopant effusion cell temperature versus incorporated dopant concentration
has been accomplished at an InP growth rate of 0.9
mm/hr. Four growths were preformed to calibrate the
endpoint n-type (Si doping) and p-type (Be doping)
dopant concentrations in the graded InP layers as

In addition to continued calibration of the InP doping
concentrations, calibration work for ternary and quaternary layer composition and doping is currently
being carried out in order to prepare for the growth of
the first generation SOA.

Table 1: Hall effect mobility and carrier concentration data measured for InP layers grown with the
listed dopant effusion cell temperatures. The undoped measurement is depletion zone
corrected.
Intended
doping
Measured
Carrier
Concentration
(cm-3)

1x1017 cm-3
(n-type)

5x1017 cm-3
(n-type)

2.5x1017 cm-3
(p-type)

2x1018 cm-3
(p-type)

no doping
(background)

1.22x1017

6.91x1017

1.91x1017

7.84x1017

1.35x1015

Mobility
(cm2/Vs)

3542

2515

61

99

4450

Tcell

970° C (Si)

1033° C (Si)

650° C (Be)

680° C (Be)

–

14 H.A. Haus, Waves and Fields in Optoelectronics, (Princeton, New Jersey: Prentice Hall, 1984).
15 F. Fiedler and A. Schlachetzki, “Optical Parameters of InP-based Waveguides,” Solid-State Electron. 30(1): 73-83 (1987).
16 W.P. Dumke, M.R. Lorenz, and G.D. Pettit, “Intra- and Interband Free-Carrier Absorption and the Fundamental Absorption Edge in Ntype InP,” Phys. Rev. B 1(12): 4668-73 (1970).
17 L.J. van der Pauw, “A Method of Measuring Specific Resistivity and Hall Effect of Discs of Arbitrary Shape,” Philips Res. Rep. 13: 1-9
(1958).
18 D.W. Koon, “Effect of Contact Size and Placement, and of Resistive Inhomogeneities on van der Pauw Measurements,” Rev. Sci.
Instrum. 60(2): 271-74 (1989).
19 Y. Morishita, M. Imaizumi, M. Gotoda, S. Maruno, Y. Nomura, and H. Ogata, “Electrical and Optical Properties of Silicon Doped InP
Grown by Gas Source MBE,” J. Cryst. Growth 104(2): 457-62 (1990); M.B. Panish, H. Temkin, and S. Sumski, “Gas Source MBE of InP
and GaxIn1-xPyAs1-y: Materials Properties and Heterostructure Lasers,” J. Vac. Sci. Tech. B 3(2):657-65 (1985).
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2.2.4 Publications
Koontz, E.M, G.D. U’Ren, M.H. Lim, L.A. Kolodziejski, M.S. Goorsky, G.S. Petrich, and H.I. Smith.
“Overgrowth of (InGa)(AsP) on Rectangular-Patterned Surfaces Using Gas Source Molecular
Beam Epitaxy.” Proceedings of the 12th International Conference on Crystal Growth/10th International Conference on Vapor Growth and Epitaxy,
Jerusalem, Israel, July 26-31, 1998. J. Cryst.
Growth. Forthcoming.
U’Ren, G.D., M.S. Goorsky, E.M. Koontz, M.H. Lim,
G.S. Petrich, L.A. Kolodziejski, V.V. Wong, H.I.
Smith, K.M. Matney, and M. Wormington. “Analysis of Lattice Distortions in High Quality InGaAsP
Epitaxial Overgrowth of Rectangular-Patterned
InP Gratings.” J. Vac. Sci. Tech. B. 16(3): 138184 (1998).

2.3 Photonic Bandgap Structures
Sponsors
National Science Foundation
Grant DMR 94-00334
U.S. Army Research Office
Grant DAAG55-98-1-0474
Grant DAAG55-98-1-0080
Project Staff
Professor Leslie A. Kolodziejski, Professor John D.
Joannopoulos, Professor Erich P. Ippen, Professor
Henry I. Smith, Dr. Gale S. Petrich, Dr. Pierre R. Villeneuve, Dr. Shanhui Fan, Dr. Kuo-Yi Lim, Alexei
Erchak, Steven G. Johnson, Daniel J. Ripin
This project represents the combined efforts of the
research groups led by Professors John D. Joannopoulos, Leslie A. Kolodziejski, Erich P. Ippen, and
Henry I. Smith. Professor Joannopoulos’ research
group designs the structures and theoretically calculates the optical properties. Professor Kolodziejski’s
group fabricates the various devices with embedded
one- and two-dimensional photonic bandgap crystals
using III-V compound semiconductor technologies.
Professor Smith’s group provides the expertise in
nanoscale fabrication. Finally, Professor Ippen’s
research group optically characterizes the devices.
The complexity of the design, fabrication and characterization of these structures necessitates a strong
interaction between the various research groups.
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A photonic crystal is a periodic dielectric structure
that prohibits the propagation of photons within a certain range of frequencies in all directions. This forbidden band of frequencies translates into a photonic
bandgap (PBG) analogous to an electronic bandgap
in a semiconductor crystal. A defect state can be
introduced in the photonic bandgap when the selective removal or addition of dielectric material breaks
the dielectric periodicity of a photonic crystal. This
defect results in the spatial localization of the defect
mode into a volume of approximately one cubic
wavelength, yielding a low modal volume, high quality factor resonant microcavity. The realization of
such a microcavity holds the promise of vastly
enhancing the performance of optoelectronic devices
through its effect on spontaneous emission.

2.3.1 One-Dimensional Photonic Bandgap
Devices: Monorail and Air-Bridge
Microcavities
The one-dimensional photonic bandgap devices that
are being investigated are referred to as monorail
and air-bridge microcavity devices. In the monorail
microcavity, the photonic crystal consists of a GaAs
waveguide with an array of holes etched through the
waveguide. The holes are spaced periodically and by
introducing additional separation between the holes
in the middle of the array, a defect is created. The
photonic crystal resides on a layer of aluminum oxide
(AlxOy) which has a much lower refractive index than
GaAs (n = 1.61 versus n = 3.3). In the air-bridge
microcavity, the photonic crystal is suspended in air
(n = 1.0), resulting in a higher index contrast between
the photonic crystal and its surroundings. The
devices are designed to resonate at the technologically important wavelength of 1550 nm. Both the
monorail and air-bridge microcavities have
waveguides coupled into and out of the devices to
facilitate the optical characterization of these
devices.
The one-dimensional photonic crystal confines the
light of a particular wavelength along the direction of
the waveguide. At the same time, the light is also
confined in the other two directions by virtue of total
internal reflection. The dimensions and the separation of the holes in the photonic crystal determine the
wavelength of the light that is being confined in the
microcavity. A microcavity with a high quality factor
(Q) and a low modal volume is the result of the high
index contrast and the presence of the photonic crys-
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tal. Such a microcavity can effectively alter the spontaneous emission rate of an active region located in
the microcavity.
The fabrication process for the devices utilizes a heterostructure of GaAs/Al0.9Ga0.1As that was grown by
gas source molecular beam epitaxy. Subsequently, a
series of plasma-enhanced chemical vapor deposition, electron-beam lithography, reactive ion etch,
photolithography, and wet etch processing steps are
employed to fabricate the final devices. The samples
are then thinned from 400 mm to 150 mm before the
final cleave is performed to create the mirror-smooth
facets at the waveguide ends for optical coupling. A
scanning electron micrograph of completed monorail
and air-bridge photonic devices are shown in Figure
6a and Figure 6b respectively.
Using a continuous-wave NaCl:OH− color center laser
with an emission wavelength that ranges from
approximately 1500 nm to 1670 nm as a source, the
optical transmission spectra from both the monorail
and air-bridge microcavity devices were measured.
The transmission spectra of the monorail structures
exhibited resonances from 1522 nm to 1566 nm with
Q ranging from 117 to 136 depending on the cavity
size (Figure 7a). A 5% increase in the defect size
resulted in a shift of the resonance peak to longer
wavelengths. The transmission spectra of the airbridge structures have exhibited resonances from
1521 nm to 1633 nm with Q ranging from 230 to 360
depending on the cavity size (Figure 7b). As
expected, due to the stronger modal confinement in
the air-bridge microcavity, the cavity quality factors
were larger for the air-bridge structures as compared
to the monorail structures.

Figure 6. (a) A micrograph of a PBG monorail structure
with a GaAs waveguide. The width and thickness of the
bridge are 553 nm and 185 nm, respectively. The diameter
and separation of the holes are 194 nm and 422 nm,
respectively. (b) A micrograph of a PBG air-bridge structure
with a GaAs waveguide. The width and thickness of the
bridge are 525 nm and 192 nm, respectively. The diameter
and separation of the holes are 201 nm and 439 nm,
respectively.
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quantum well lies inside the photonic bandgap and
hence, does not couple to the guided modes within
the active region. Coupling to the guided modes is a
major source of loss in conventional light-emitting
diodes. In the structure being fabricated, this problem
is greatly reduced, and the amount of light radiated
from the device is enhanced.

Figure 7. (a) The normalized optical transmission spectra
for the monorail structure. The difference resonance peaks
correspond to devices with a different defect size. (b) The
normalized optical transmission spectra for the air-bridge
structure. The difference resonance peaks correspond to
devices with a different defect size.

2.3.2 Two-Dimensional Photonic Bandgap
Light-Emitting Diode
A two-dimensional photonic bandgap crystal inhibits
the propagation of light within a range of frequencies
in any direction within the plane of the crystal. In the
device currently being investigated, the two-dimensional photonic bandgap effect is used to enhance
the extraction efficiency of a light emitting diode
(LED) by creating a two dimensional PBG crystal
within the top cladding layer of an InGaP/InGaAs
quantum well structure.20 The photonic crystal is
designed such that the emission wavelength of the

The 2-D PBG LED, which is designed to emit at a
wavelength of 980 nm, consists of an InGaAs quantum well that is clad by InGaP, an AlxOy “spacerlayer” and an AlxOy/GaAs distributed Bragg reflector
(DBR). A schematic of the structure is shown in Figure 8. By etching a triangular lattice of holes into the
upper InGaP cladding layer, a 2-D PBG crystal is created within the active region. By etching only the
upper InGaP layer, as opposed to etching through
both InGaP layers and the InGaAs layer to the AlxOy
“spacer-layer,” the loss of carriers due to surface
recombination effects can be minimized, as InGaP
has a smaller surface recombination velocity than
InGaAs. To further improve the extraction efficiency
of the LED, the active quantum well region lies on top
of a DBR that is designed to reflect the 980 nm light
that was initially emitted towards the substrate. The
DBR consists of alternating quarter-wave layers of
GaAs and AlxOy. The high dielectric contrast
between the GaAs and AlxOy layers causes the highreflectivity region of the DBR to have a large highreflectivity bandwidth. By separating the active region
from the DBR with a low index AlxOy “spacer-layer,” a
larger portion of the emitted light will be normally incident on the DBR, thereby increasing the amount of
light being extracted from the device.
The fabrication of the 2-D PBG LEDs utilizes gas
source molecular beam epitaxy, direct-write electron
beam lithography, reactive-ion etching (RIE), and oxidation processes. The various layers of the LED are
first deposited on a GaAs substrate using gas source
molecular beam epitaxy. At this stage, the “spacerlayer” is a layer of Al0.98Ga0.02As and the DBR consists of alternating layers of AlAs and GaAs. These
aluminum-containing layers will be oxidized into
AlxOy at the end of the fabrication process. Next, a
layer of SiO2 is deposited on the grown structure
using plasma enhanced chemical vapor deposition.
Using direct-write electron beam lithography, the
holes of the photonic crystal are defined in poly-

20 S. Fan, P.R. Villeneuve, J.D. Joannopoulos, and E.F. Schubert, “High Extraction Efficiency of Spontaneous Emission from Slabs of Photonic Crystals,” Phys. Rev. Lett. 78(7): 3294-97 (1997).
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methylmethacrylate (PMMA), which was deposited
on the SiO2 layer. The PMMA is used as an etch
mask allowing the triangular pattern of holes to be
transferred into the SiO2 layer using RIE. The SiO2 is
subsequently used as an RIE etch mask allowing the
pattern to be transferred into the upper InGaP cladding layer. A cross-sectional scanning electron
micrograph of the triangular array of holes within the
upper InGaP cladding layer is shown in Figure 9.
Photolithography is then used to define the mesas
and RIE is used to etch the mesas. After the mesas
are formed, the final step in the device fabrication is
the wet thermal oxidation of the Al0.98Ga0.02As
“spacer-layer” and the AlAs DBR layers.
Figure 9. A cross-sectional view of the triangular array of
holes that form the photonic crystal in the upper InGaP
layer of the LED. The holes are designed to forbid the
guiding of λ=980 nm light within the active region and
hence increase the amount of light radiating from the
device.

Currently, the devices are being optically characterized using cathodoluminescence. The intensity of the
l = 980 nm light emitted from a device containing the
2-D PBG crystal is compared to the intensity of the
light emitted from a device without the PBG crystal.
Simulations have shown that the structure with the
PBG crystal should demonstrate at least a five-fold
increase in extraction efficiency as compared to the
same device without the presence of the photonic
crystal.

2.3.3 Publications

Figure 8. (a) The schematic of the 2-D PBG light emitting
diode structure. (b) A scanning electron micrograph of the
2-D PBG light emitting diode.
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2.4 Fabrication and Characterization of
Bipolar Quantum Cascade Lasers
Sponsors
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U.S. Navy - Office of Naval Research
Multi-University Research Initiative
Project Staff
Professor Leslie A. Kolodziejski, Professor Rajeev J.
Ram, Dr. Gale S. Petrich, Steven G. Patterson
The formation of series-coupled diode lasers allows
the creation of high-power optical sources and twodimensional laser arrays. These series-coupled
lasers can consist of discrete individual lasers interconnected together during the post-growth fabrication stage21 or individual lasers integrated together
during the epitaxial growth process.22 However, interconnecting together discrete lasers suffers from the
effects of parasitic resistances and capacitances. In
bipolar quantum cascade lasers, a low resistance
Esaki (tunnel) junction is created between two separate quantum well lasers during the epitaxial growth
process to minimize these parasitic effects.
A schematic of a bipolar quantum cascade laser that
has been fabricated and is currently being characterized at MIT is shown in Figure 10. The laser was
grown by gas source molecular beam epitaxy and
consists of two identical epitaxially integrated lasers.
Each laser is composed of 0.75 mm Si- and Bedoped InGaP cladding layers (nominally latticematched to a GaAs:Si substrate) with a single
In0.2Ga0.8As quantum well residing within the center
of a 0.22 mm GaAs confinement layer. An Esaki junction, consisting of heavily Be- and Si-doped GaAs
layers each 25 nm thick, couples the two epitaxially
integrated lasers. The fully processed lasers are
300 nm SiO2 oxide-stripe, gain-guided, Fabry-Perot
devices which were mounted to a heat sink with In
solder.

Figure 10.
structure.

A schematic of the bipolar cascade laser

A 5 mm-wide, 450 mm-long bipolar cascade laser has
been optically and electrically characterized at room
temperature while operating in a continuous wave
mode. From the voltage versus current measurements, the incremental resistance of the cascade
laser is 6 ohms, and the measured voltage drop
across the device is double that of a single laser
junction. The optical spectrum of the bipolar cascade
laser that was biased just beyond the threshold of the
second junction and the laser’s optical output power
versus current, are shown in Figure 11a and Figure
11b respectively. The two peaks in the optical spectrum, at 991 nm and 993 nm, correspond to the emission wavelengths of the two series-coupled lasers.
The data in Figure 11b clearly reveals two distinct
thresholds at 1.95 kA/cm2 and 2.18 kA/cm2. A likely
explanation for the abrupt change in the output
power at 48 mA is that the electrical behavior of the

21 C. Cox, H. Roussell, R.J. Ram, and R.J. Helkey, “Broadband, Directly Modulated Analog Fiber Link with Positive Intrinsic Gain and
Reduced Noise Figure,” Proceedings of the International Topical Meeting on Microwave Photonics, Princeton, New Jersey, October 1214, 1998; S.G. Ayling, D.R. Wight, M.B. Allenson, K.P. Hilton, and G.W. Smith, “Intrinsically Matched 50 Ohm Laser Arrays with Greater
than 100% Quantum Efficiencies for Optically Coupled Transistors and Low Loss Fiber Optic Links,” Proceeding of SPIE Photonics
West ’98, Optoelectronics ’98, San Jose, California, January 24-30, 1998; S.G. Ayling, D.R. Wight, M.B. Allenson, K.P. Hilton, and G.W.
Smith, “Novel Integrated Laser Devices with Greatly Enhanced Quantum Efficiency and Intrinsic RF Matching for Low Loss, Broadband
Opto-Microwave Applications,” Proceedings of the International Topical Meeting on Microwave Photonics, Princeton, New Jersey, October 12-14, 1998.
22 J.P. van der Ziel and W.T. Tsang, “Integrated Multilayer GaAs Lasers Separated by Tunnel Junctions,” App. Phys. Lett. 41(6): 499501(1982); W. Schmid, D. Wiedenmann, M. Grabherr, R. Jager, R. Michalzik, and K.J. Ebeling, “CW Operation of a Diode Cascade
InGaAs Quantum Well VCSEL,” Electron. Lett. 34(6): 553-56 (1998).
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p-n-p-n structure exhibited a thyristor-type effect in
which the location of the voltage drop within the
device changed. The relatively large threshold current is primarily due to current spreading, as well as
the undercutting of the oxide during processing,
resulting in a wider injection region than the nominal
5 mm width of the device. Similar, but wider devices
without heat sinking, have typically demonstrated
threshold current densities of approximately
450 A/cm2. The different threshold current densities
of the two epitaxially-integrated laser junctions are
believed to be indicative of the greater current
spreading in the lower laser junction. Upon reaching
the second laser’s threshold, the slope efficiency
abruptly switches from 0.313 W/A to 0.622 W/A per
facet, corresponding to a differential quantum efficiency of 99.3% per facet. These high efficiencies
are characteristic of cascade devices. In addition, the
clear doubling of the slope efficiency as the second
laser diode junction exceeds threshold provides
strong evidence of the successful implementation of
a bipolar cascade laser operating continuous wave at
room temperature.

Further work will include optimizing the device by
thoroughly characterizing the device and material
properties, increasing the number of active regions in
the stack, including oxidation layers to alleviate current spreading, and investigating the modulation
properties of the device.
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Figure 11. (a) The optical spectrum of the bipolar cascade laser showing the spectral peaks from the two laser junctions.
(b) The optical power versus current curve of a continuous wave room temperature bipolar cascade laser. Visible is the near
doubling of slope efficiency from 0.319 A/W per facet to 0.622 A/W per facet.

27

Part I, Section 1, Chapter 2. Epitaxial Growth of Semiconductors

28 RLE Progress Report Number 141

