AFRL-RY-WP-TP-2010-1242

RECORD PULSED POWER DEMONSTRATION OF A 2um
GaSb-BASED OPTICALLY PUMPED SEMICONDUCTOR
LASER GROWN LATTICE-MISMATCHED ON AN
AlAs/GaAs BRAGG MIRROR AND SUBSTRATE
(POSTPRINT)

J.M. Yarborough, Yi-Ying Lai, Yushi Kaneda, Jorg Hader, and Jerome V. Moloney
University of Arizona

T.J. Rotter, G. Balakrishnan, and C. Hains
University of New Mexico

D. Huffaker
University of California

S.W. Koch
Philipps Universitat Marburg

R. Bedford

Electro Optic Components Branch
Aerospace Components and Subsystems Technology Division

SEPTEMBER 2009

Approved for public release; distribution unlimited.

See additional restrictions described on inside pages

STINFO COPY

© 2009 American Institute of Physics

AIR FORCE RESEARCH LABORATORY
SENSORS DIRECTORATE
WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7320
AIR FORCE MATERIEL COMMAND
UNITED STATES AIR FORCE



REPORT DOCUMENTATION PAGE O A e

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YY) 2. REPORT TYPE 3. DATES COVERED (From - To)
September 2009 Journal Article Postprint 01 January 2008 — 01 September 2009
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
RECORD PULSED POWER DEMONSTRATION OF A 2um GaSbh-BASED In-house
OPTICALLY PUMPED SEMICONDUCTOR LASER GROWN LATTICE- 5b. GRANT NUMBER
MISMATCHED ON AN AlAs/GaAs BRAGG MIRROR AND SUBSTRATE 5c. PROGRAM ELEMENT NUMBER
(POSTPRINT) 62204F
6. AUTHOR(S) 5d. PROJECT NUMBER
J.M. Yarborough, Yi-Ying Lai, Yushi Kaneda, Jorg Hader, and Jerome V. Moloney 2002
(University of Arizona) 5e. TASK NUMBER
T.J. Rotter, G. Balakrishnan, and C. Hains (University of New Mexico) IH
D. Huffaker (University of California) 5f. WORK UNIT NUMBER
S.W. Koch (Philipps Universitat Marburg) 20021HOE
R. Bedford (AFRL/RYDP)
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of Arizona Philipps Universitat Marburg REPORT NUMBER
College of Optical Sciences Department of Physics and Material Sciences Center AFRL-RY-WP-TP-2010-1242
Tucson, AZ 85721 Renthof 5, 35032

Marburg, Germany

University of New Mexico
Center for High Technology Materials | Electro Optic Components Branch (AFRL/RYDP)
Albuquerque, NM 87106 Aerospace Components and Subsystems

Technology Division
Air Force Research Laboratory, Sensors Directorate
Wright-Patterson Air Force Base, OH 45433-7320
Air Force Materiel Command, United States Air Force

University of California
Department of Electrical and
Computer Engineering

Los Angeles, CA 90095

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
Air Force Research Laboratory AGENCY ACRONYM(S)
Sensors Directorate AFRL/RYDP
V\(rlght-Patterson Air Force Base, OH 45433-7320 11. SPONSORING/MONITORING
Air Force Materiel Command AGENCY REPORT NUMBER(S)

United States Air Force AFRL-RY-WP-TP-2010-1242

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited.

13. SUPPLEMENTARY NOTES
Journal article published in Applied Physics Letters, Vol. 95, 2009. PAO Case Number: 88ABW-09-2587; Clearance
Date: 15 Jun 2009.

© 2009 American Institute of Physics. The U.S. Government is joint author of the work and has the right to use, modify,
reproduce, release, perform, display, or disclose the work.

14. ABSTRACT
An optically pumped semiconductor laser resonant periodic gain structure, grown lattice-mismatched on an AlAs/GaAs
Bragg mirror, exhibits a peak pulsed power of 70 W when pumped with a pulsed 1064 nm neodymium doped yttrium
aluminum garnet laser.

15. SUBJECT TERMS
lasers, semiconductor

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON (Monitor)
a. REPORT | b.ABSTRACT |c. THISPAGE |  OF ABSTRACT: OF PAGES Robert Bedford
Unclassified | Unclassified | Unclassified SAR 10 19b. TELEPHONE NUMBER (Include Area Code)
N/A

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18




APPLIED PHYSICS LETTERS 95, 081112 (2009)

Record pulsed power demonstration of a 2 um GaSb-based optically
pumped semiconductor laser grown lattice-mismatched on an AlAs/GaAs
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An optically pumped semiconductor laser

resonant

periodic gain structure, grown

lattice-mismatched on an AlAs/GaAs Bragg mirror, exhibits a peak pulsed power of 70 W when
pumped with a pulsed 1064 nm neodymium doped yttrium aluminum garnet laser. © 2009
American Institute of Physics. [DOI: 10.1063/1.3212891]

Optically pumped semiconductor disk lasers (OPSL) or,
equivalently, vertical external cavity surface emitting semi-
conductor lasers (VECSEL), are emerging as novel sources
of high-power, high brightness IR, mid-IR, visible, and UV
light. Record powers up to 30 W in an essentially TEM,
have been demonstrated in the IR band by Coherent.! Using
intracavity second harmonic generation, spectrally narrow
multiwatt outputs have been demonstrated at green’ and
yeIIow-orange3 wavelengths in TEM, beams. Direct genera-
tion of red light at 670 nm with powers close to 0.5 W has
also been demonstrated.* These VECSEL structures were
grown using InGaAs or InGaPAs quantum well (QW) stacks
grown on AlGaAs/AlAs Bragg mirrors. Extension of these
structures to the mid-IR, requires growth of InGaSbh QW
stacks on AlGaSh/GaSh Bragg mirrors. The latter have been
employed to demonstrate 3-5 W VECSEL lasing between 2
and 2.3 ,um.5 Two fundamentally different wafer growth
modes have been employed in all cases. The most common
approach is to grow the distributed Bragg reflector (DBR)
stack directly on the substrate (GaAs or GaShb) followed by
growth of the resonant periodic gain (RPG) QW stack.®
Thermal management of these devices requires that a trans-
parent SiC or single crystal diamond intracavity heat
spreader be bonded directly to the top epitaxial surface. An
alternative approach that has demonstrated the highest pow-
ers to date is to grow the RPG multi-QW stack directly on a
GaAs substrate, followed by the DBR.” This approach re-
quires that the GaAs substrate be completely etched away
after mounting on a chemical vapor deposition (CVD) dia-
mond heat spreader. The resulting semiconductor microcav-
ity consisting of RPG gain section and DBR is extremely
thin and can be cooled directly from the bottom of the chip.

In this letter, we introduce a growth method not previ-
ously used and demonstrate a peak pulsed power of 70 W at
2 um. Our goal is to retain the AlGaAs/GaAs DBR and
GaAs substrate but to grow an antimonide RPG stack con-
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sisting of InGaSh quantum wells embedded in AlGaSb bar-
riers on the latter structure. The AlGaAs/GaAs DBR is
grown independently on a GaAs substrate using a metal ox-
ide CVD reactor. This mirror structure is loaded in a molecu-
lar beam epitaxy (MBE) reactor and the final RPG gain sec-
tion is grown next using an interfacial misfit array (IMF)
technique® to offset the lattice mismatch. Details of the
growth and wafer characterization will be published else-
where. We chose this route because of the lower thermal
impedance of the AlGaAs/GaAs mirror relative to an
AlGaSh/GaSh mirror and our recent observation from spec-
troscopic studies show that bulk GaSb exhibits evidence for
deep-level defects, that can act as significant loss sites
around 2—-2.5 um. The entire VECSEL subcavity was de-
signed using a rigorous microscopic physics model for the
active RPG structure and growths were validated against a
software tool based on the latter model.’

This OPSL/VECSEL structure, with a I11-Sb active re-
gion grown on AlGaAs/GaAs DBRs without the use of thick
metamorphic buffers, is a different design than any previous
structures. The effective lattice mismatch of 7.78% between
the DBR and the active region is accommodated by the IMF
growth mode. The complexities involved in the growth of
such a structure are significant and hence we have chosen to
pump the laser at subthermal levels using pulsed pumping
instead of continuous pumping which would require addi-
tional processing for thermal management schemes. We car-
ried out full spectroscopic analysis of the grown structure
and compared measured room temperature OPSL chip reflec-
tance, edge and surface photoluminescence (PL) spectra
against the microscopically calculated designs. (PL peak lo-
cation and intensity were sensitive to growth temperature
and Sb flux in the MBE reactor.) The measured data showed
good agreement with the designs but the chips were expected
to lase under subthermal pulsed conditions, so we used a
pulsed neodymium doped yttrium aluminum garnet
(Nd:YAQG) laser at 1064 nm for the pump source. The pulse
lengths were typically 300 ns, and the duty cycle was kept
very low to avoid heating as much as possible. (Since the

© 2009 American Institute of Physics
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FIG. 1. OPSL schematic layout.

OPSL’s active quantum wells were on top of the substrate,
which is a poor heat conductor.)

Figure 1 shows the experimental arrangement. The pump
laser is a diode-pumped Nd:YAG laser that is continuously
pumped and repetitively Q-switched by an acousto-optic
Q-switch. The repetition rate of the laser is 1 kHz, and typi-
cal pulse lengths are 300 ns, with peak power variable be-
tween 0 and 1.2 kW. Pulse energies varied between 0 and 0.4
mJ, and typical average pump power was 200 mW. The laser
beam was focused by means of a 12.5 cm focal length lens
onto the OPSL chip under test. The pump beam was nomi-
nally TEMy,. A linear cavity was used for the OPSL laser.
Two different OPSL chips from the same wafer were evalu-
ated. One chip was antireflection (AR) coated at the lasing
wavelength of 2 um, and the other was uncoated. A 2%
transmitting, 10 cm radius of curvature output mirror was
used for the AR coated chip, and a 4% transmitting, 10 cm
radius mirror was used for the uncoated chip. In both cases,
the output mirror was spaced 7 cm from the OPSL chip,
giving a fundamental mode radius of 178 um at the lasing
wavelength of 2 um. The diameter of the pump spot was
varied by varying the spacing between the lens and the
OPSL chip. For the highest power experiments, the pump
spot size was much larger than the OPSL fundamental mode
size, and the output was thus highly multimode.

Figure 2 shows the peak output power at 2 um for the
two OPSL chips. The AR coated chip was operated with the
pump spot size matched to the resonator mode and also with
a much larger pump spot size. For the smaller spot size of
approximately 350 wm, which was approximately matched
to the resonator mode, the threshold was lowest, at about
19 W. The initial slope efficiency is around 15%, but the
output power saturates at 8 W due to lack of cooling. The
other curve for the AR coated chip is for a pump spot size of
725 um, which is about twice as large, hence the pump area
is four times as large. The measured threshold for the smaller
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FIG. 2. 2 um OPSL peak output power.
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FIG. 3. Pump and OPSL pulse shapes.

pump spot size is 19.5 W, while the measured threshold for
the larger pump spot is 72 W due to the larger pump spot
size. The ratio of thresholds is approximately the ratio of the
pump spot areas. We observed some damage at the highest
pump power for this chip. Due to the larger pump spot area
in the second case the OPSL runs on multiple lateral modes.
The third curve is for the uncoated chip. In this case, the
microcavity resonance between the DBR and the uncoated
chip surface forms a resonant structure that increases the
internal electric field and hence gives greater gain. We found
a 4% mirror gave higher output in this case, and maximum
peak power is 70 W. The saturation at high powers is due to
the fact that as we increased the pump power, the pump pulse
length became shorter, and the OPSL buildup time became a
factor.

Figure 3 shows the temporal pulse shapes of the pump
and the 2 um OPSL output under typical operating condi-
tions. The pump was measured with a fast silicon photodiode
and the OPSL with an InGaAs detector. The pump pulse is
essentially Gaussian shaped temporally. The pump peak
power was calculated by measuring the average power of the
pump and dividing by the repetition rate and the pulse width
at half-maximum. The OPSL turns on near the peak on the
leading edge of the pump pulse. The threshold pump power
was calculated by turning the pump power down until the
OPSL just oscillated and calculating the pump power as
above. This gives a pessimistic estimate of the pump power,
since the actual threshold had to occur before the peak due to
build up time in the OPSL resonator. The OPSL output
power was also calculated by measuring the average power
and the pulse length.

The spectrum of the OPSL was measured with an infra-
red spectrometer and the spectrum consisted of a single peak
at 1995 nm, very near the design wavelength of 2.0 um.

In conclusion, we have designed a near infrared OPSL
with an antimonide-based resonant periodic gain structure
grown lattice mismatched on a AlAs/GaAs Bragg mirror,
grown samples, and evaluated them under pulsed conditions.
The 70 Watt peak output at 2 wum is the highest reported
power to date from a near infrared OPSL.

This work was funded by a U.S. Joint Technology Office
Multidisciplinary Research Initiative Program Grant No.
AFOSR FA9550-07-1-0573.
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