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ABSTRACT

The NASA Earth Science Enterprise Advanced Technology Initiatives Program is supporting a
program for the development of semiconductor laser reference oscillators for application to
coherent optical remote sensing from Earth osbit. Local oscillators provide the frequency
reference required for active spaceborne optical remote sensing concepts that involve heterodyne
{coherent) detection. Two recent examples of such schemes are Doppler wind lidar and
tropospheric carbon dioxide measurement by laser absorption spectrometry, both of which are
being proposed at a wavelength of 2.05 microns. Frequency-agile local oscillator technology is
important to such applications because of the need to compensate for large platform-induced
Doppler components that would otherwise interfere with data interpretation. Development of
frequency-agile local oscillator approaches has heretofore utilized the same laser material as the
transmitter laser (T, Ho:YLF in the case of the 2.05-micron wavelength mentioned above),
However, a semiconductor laser-based frequency-agile local oscillator offers considerable scope
for reduced mechanical complexity and improved frequency agility over equivalent crystal laser
devices, while their potentially faster tuning capabifity suggest the potential for greater scanning
versatility. The program we report on here is specifically tasked with the development of
prototype novel architecture semiconductor lasers with the power, tunability, and spectral
characteristics required for coherent Doppler lidar. The baseline approach for this work is the
distributed feedback (DFB) laser, in which gratings are ¢tched into the semiconductor waveguide
structures along the entire length of the laser cavity. However, typical DFB lasers at the
wavelength of interest have linewidths that exhibit unacceptable growth when driven at the high
currents and powers that are required for the Doppler lidar application. Suppression of this
behavior by means of corrzgation pitch-modulation (using a detuned central section to prevent
intensity peaking in the center of the cavity) is currently under investigation to achieve the
required performance goals.

Introduction

The coherent Doppler lidar approach for
acquiring global profilometry of tropospheric winds
from Earth orbit is reliant on off-nadir beam scanning
geometry for retrieval of vector winds by Doppler
analysis of laser radiation backscattered by entrained
aerosols and cloud particles (Baker ef al., 1995). The
off-nadir scan pattern induces large platform-induced
Doppler compenents that may be compensated by
scan-synchronous tuning of a frequency-agile local
oscillator (LO) laser. Freguency-agile LO technology
development has thus far implicitly assumed the same
laser material as the transmitter laser. The currently
favored spectral region for conducting Doppler lidar
wind sounding is ~2.05 pm (the operating wavelength
of Tm,Ho:YLF), for which the maximum platform

induced Doppler component can be up to +5 GHz in
low Earth orbit.

This approach has been under development
for a pumber of years and has demonstrated
functionality in a breadboard system close to that
required for the space-based implementation
(McGuckin and Menzies, 1992, McGuckin ef ol
1993; Hemmati ef af., 1998). However, compared to
diode laser technology such devices are mechanically
complex, with tuning stability and reproducibility
being criticatly dependent on the maintenance of
stringent alignment tolerances. An  alternative
monolithic semiconductor laser reference oscillator
would offer superior resistance to environmentally
induced alignment degradation and generally longer
lifetime. In addition, the semiconductor laser option
has the potential for considerably more rapid funing



capability, rendering foasible a wider variety of lidar
pointing/scanning strategies.

The fabrication and validation of prototype
novel architecture semiconductor lasers is presently
under way at the Jet Propulsion Laboratory (JPL) with
the express goal of addressing the power and spectral
purity requirements of spacebased coherent Doppler
lidar wind measurement and laser absorption
spectrometry for global CO, mapping (Menzies ef al..
2001).

Laser Material Considerations

Risk reduction considerations led to the
cstablishment of a parallel development program
involving two candidate laser material systems:

Indium Phosphide (InP} Material System

Indivm phosphide and its alloys indium
gallium arsenide phosphide (InGaAsP) are well
developed for fabrication of semiconductor lasers in
the 1.3-1.55 umn wavelength region for light
transmission through fiber optics in
telecommunication applications. All the fabrication
technologies, including the epitaxial growth and re-
growth conditions for producing reliable, high
performance single mode operation are well known
and routinely used. It has already been demonstrated
that wavelengths as long as 2.06 pm can be achicved
in the InGaAsP/InP material system using highly
strained InGaAs quantum wells with lattice matched
InGaAs barriers (Forouhar ef al., 1993), Sensors based
on tunable diode lasers of the latter type with emission
in the 2.04-2.05 pm region have been produced at JPL
for the detection of carbon dioxide and its isotopes in
the Martian atmosphere.

Although InGaAsP single-mode distributed
feedback (DFB) lasers at 2.06 pm have already been
demonstrated, the maximum output power of the lasers
was limited to ~2 mW and the linewidths were >>10
MHz, well in excess of the <1 MHz required for the
wind measurement application. In order to drive the
photomixer in a heterodyne receiver configuration into
the desired shot-noise limited regime the LO source
should ideally be capable of delivering 20-mW output
in order to compensate for losses within the optical
train.

The InGaAsP material system was identified
as a candidate for this application several years ago
(Menzies et al, 1997). However, thus far the output
power levels achieved are inadequate for the current
application. Several options are under investigation

for extending the power output of these devices to the
required levels.

Gallivm Antimonide (GaSb) Material System

The galliom antimonide materials and lasers
based on this material system for emission in the 2-5
pm range are being actively rescarched for chemical
sensing and chem/bio countermeasures applications.
Considerable progress has been made in research on
mid-infrared gallium antimonide-based lasers in terms
of their maximum operating femperature and output
power, A major breakthrough was achieved in 1992
{Choi and Eglash) by employing InGaAsSb/AlGaAsSb
strained quantom well structures. The resulting lasers
operated at 2.15 pm and had room temperature
threshold current densities as low as 260 A/em®, while
more recently a 2.05-um laser with 50 Alom’
threshold current density has been demonstrated
(Bleuel et al., 1999),

Wavelength and Lirewidth Control Issues

Gratings with spatial periodicity designed to
match a particular optical wavelength are most often
used for wavelength control and single mode selection
in semiconductor lasers. The distributed feedback laser
(DFB) uses gratings etched into the waveguide layers
along the whole length of the cavity. Another design,
the distributed Bragg reflector laser (DBR), uses
gratings in passive waveguide sections at the end of
the cavity, which may be monofithically integrated or
in a separate chip for hybrid integration,

Assuming single mode operation, the
linewidth of a semiconductor laser is given by the
modified Schawlow-Townes formula, where P is the
optical power emitted, #, is the ratio of the upper and
lower band population densities, ¢, is the photon
lifetime, and a is the linewidth enhancement factor
(Henry, 1982):
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Typical semiconductor DFB lasers at near-IR
wavelengths have linewidths of ~1-2 MHz. At high
currents and powers, standard DFB lasers suffer from
re-broadening effects, which cause the linewidth to
remain constant or even increase with output power.
Below 1 MHz linewidth, special grating designs are
necessary such as the corrugation pitch-modulated
(CPM) laser (Okai, 1994) which utilizes detuned
central sections to prevent intensity peaking in the
center of the cavity (Figure 1).
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Figure 1. Central detuned grating section in a
CPM laser prevents build-up of intensity that
causes linewidth re-broadening.

Prototype Laser Performance

Performance optimization of multi-qunantum
well (MQW) compressively strained laser structures
based on InGaAs/InP have been investigated for the
development and fabrication of narrow linewidth
lasers in the 2-pm spectral region. The laser wafers
were prepared by atmospheric pressure metal-organic
vapor phase epitaxy on [100] oriented #-InP substrate.
The structure consists of twe quantum wells of
In;sGagsAs each 11 nm wide, separated by 20 nm of
InGaAsP (with composition corresponding to a band
gap wavelength of 1.3 pm). InP was used in the
cladding lavers.

Several lasers were tested in the bar form in
the pulsed (5 ps, 1 kHz) and continuous (cw) modes of
operation at a constant temperature of 15°C. The light
vs. current characteristics for a 1.5-mm long laser are
shown in Figure 2.
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Figure 2. Pulsed and cw output power as a function of
current for a packaged uniform DFB laser operating
single mode at 2.065 um with 3-um ridge waveguide,
1.5-mm cavity.

Most of the 1.5-mm long Iasers have a
threshold current as low as ~25 mA and external
efficiency greater than 30%. Laser operation was
observed up to 30°C, as depicted in Figure 3.
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Figure 3. Uniform DFB laser performance as a

function of operating temperature (above: cw;
below: pulsed).
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Figure 4. Single mode operation of 1.5-mm
long InGaAs/InGaAsfinP laser under CW
operation at 15°C, 200 mA.



The peak optical powers obtained from the
current devices are ~23 mW in the pulsed mode and
>14 mW in the continuous mode of operation. These
optical power levels are among the highest power
levels reported for lasers based on InGaAs/InP at these
wavelengths. Single mode operation of the devices is
indicated by the emission spectrum depicted in Fig. 4.

As mentioned in the Introduction, the single
mode tuning range is of critical importance to the
space-based coherent Doppler wind lidar application.
Figure 3 shows the injection cirrent and temperature
tuning characteristics of the uniform-grating DFB
lasers fabricated under the current effort,
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Figure 5. Imjection current (above) and

temperature  (below) single mode tuning
characteristics of the uniform-grating DFB
lasers.

The total tuning range implied by Fig. 5 is in
excess of 140 GHz. Work is in progress to determine
the emission linewidth of these devices. Phase 1I of
this effort will ontail fabrication and test of
corrugation pitch-modulated DFB laser architeciures
which are expected to fully address the <500-kHz

lingwidth requirement for the space-based coherent
Doppler wind lidar application.
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