AFRL-RY-WP-TP-2008-1170

MULTICHIP VERTICAL-EXTERNAL-CAVITY SURFACE-
EMITTING LASERS: A COHERENT POWER SCALING

SCHEME (POSTPRINT)

Li Fan, Mahmoud Fallahi, J6rg Hader, Aramais R. Zakharian, Jerome V. Moloney,
James T. Murray, Robert Bedford, Wolfgang Stolz, and Stephan W. Koch

Electro-Optic Components Branch
Aerospace Components and Subsystems Technology Division

DECEMBER 2006

Approved for public release; distribution unlimited.

See additional restrictions described on inside pages

STINFO COPY

© 2006 Optical Society of America

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

Form Approved
OMB No. 0704-0188

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, 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)

December 2006 Journal Article Postprint 01 November 2006 — 15 December 2006
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
MULTICHIP VERTICAL-EXTERNAL-CAVITY SURFACE-EMITTING LASERS: In-house

A COHERENT POWER SCALING SCHEME (POSTPRINT)

5b. GRANT NUMBER

5c. PROGRAM ELEMENT

NUMBER
62204F

6. AUTHOR(S) 5d. PROJECT NUMBER
Li Fan and Mahmoud Fallahi (University of Arizona) 2002
Jorg Hader, Aramais R. Zakharian, and Jerome V. Moloney (University of Arizona) 5e. TASK NUMBER
James T. Murray (Arete Associates) IH
Robert Bedford (AFRL/RYDP) 5f. WORK UNIT NUMBER
Wolfgang Stolz and Stephan W. Koch (Philips Universitat Marburg) 20021HOE

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
University of Arizona
Tucson, AZ 85721

Arete Associates
Tucson, AZ 85712

8. PERFORMING ORGANIZATION

Electro-Optic Components Branch (AFRL/RYDP) REPORT NUMBER

Aerospace Components and Subsystems Technology Division |AFRL-RY-WP-TP-2008-1170
Air Force Research Laboratory, Sensors Directorate
Wright-Patterson Air Force Base, OH 45433-7320

Air Force Materiel Command, United States Air Force

Philips Universitat Marburg
Department of Physics and Material, Sciences Center
35032 Marburg, Germany

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Air Force Research Laboratory
Sensors Directorate
Wright-Patterson Air Force Base, OH 45433-7320

Air Force Materiel Command

United States Air Force

10. SPONSORING/MONITORING
AGENCY ACRONYM(S)

Air Force Office of Scientific Research AFRL/RYDP

(AFOSR)

11. SPONSORING/MONITORING
AGENCY REPORT NUMBER(S)

AFRL-RY-WP-TP-2008-1170

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

13. SUPPLEMENTARY NOTES

Journal article published in Optics Letters, Vol. 31, No. 24, December 15, 2006.

© 2006 Optical Society of America. The U.S. Government is joint author of this work and has the right to use, modify,
reproduce, release, perform, display, or disclose the work.

PAO Case Number: WPAFB 06-2045; Clearance date: 23 Aug 2006. Paper contains color.

14. ABSTRACT

We propose an efficient coherent power scaling scheme, the multichip vertical-external-cavity surface-emitting laser
(VECSEL), in which the waste heat generated in the active region is distributed on multi-VECSEL chips such that the
pump level at the thermal rollover is significantly increased. The advantages of this laser are discussed, and the
development and demonstration of a two-chip VECSEL operating around 970 nm with over 19 W of output power is
presented.

15. SUBJECT TERMS

Lasers, semiconductors

16. SECURITY CLASSIFICATION OF:

a. REPORT
Unclassified

b. ABSTRACT
Unclassified

c. THIS PAGE
Unclassified

17. LIMITATION
OF ABSTRACT:

SAR

18. NUMBER
OF PAGES

10

19a. NAME OF RESPONSIBLE PERSON (Monitor)
Robert Bedford

19b. TELEPHONE NUMBER (Include Area Code)
N/A

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




3612

OPTICS LETTERS / Vol. 31, No. 24 / December 15, 2006

Multichip vertical-external-cavity surface-emitting
lasers: a coherent power scaling scheme

Li Fan and Mahmoud Fallahi
College of Optical Sciences, University of Arizona, Tucson, Arizona 85721

Jorg Hader, Aramais R. Zakharian, and Jerome V. Moloney

Arizona Center for Mathematical Science and College of Optical Sciences, University of Arizona,
Tucson, Arizona 85721

James T. Murray
Areté Associates, 3194 North Swan Road, Tucson, Arizona 85712

Robert Bedford
Air Force Research Laboratory, 2241 Avionics Cirde, Wright-Patterson Air Force Base, Ohio 45433

Wolfgang Stolz and Stephan W. Koch

Department of Physics and Material Sciences Center, Philipps Universitdt Marburg, Renthof 5,
35032 Marburg, Germany

Received July 31, 2006; accepted September 13, 2006;
posted September 21, 2006 (Doc. ID 73602); published November 22, 2006
We propose an efficient coherent power scaling scheme, the multichip vertical-external-cavity surface-
emitting laser (VECSEL), in which the waste heat generated in the active region is distributed on multi-
VECSEL chips such that the pump level at the thermal rollover is significantly increased. The advantages
of this laser are discussed, and the development and demonstration of a two-chip VECSEL operating around
970 nm with over 19 W of output power is presented. © 2006 Optical Society of America

OCIS codes: 140.5960, 250.7270.

Optically pumped semiconductor vertical-external-
cavity surface-emitting lasers (VECSELSs) are attrac-
tive owing to their high power, excellent beam qual-
ity, and large Wavelength tunability." However, the
heating in the active reglon results in the thermal
rollover and shut-off,> limiting their output power.
Traditional power scaling of the VECSEL is based on
increasing the pump spot size and keeping the pump
irradiance constant. However, recent research
pointed out that amplified spontaneous emission in
the epitaxial plane is another major power-limiting
mechanism in VECSELs, especially for a large pump
spot.3 A larger pump spot also introduces more dif-
fraction loss due to the surface roughness of the pro-
cessed VECSEL chip, increasing the threshold and
decreasing the slope efficiency of the laser.* In addi-
tion, due to local quantum-well width fluctuations
and composition fluctuations, as well as defects, more
crystal inhomogenities may appear in a larger pump
area, resultmg in inhomogeneous broademng of the
VECSEL’; that is, large spectral linewidth.*

Laser beam combining is an effective way to
achieve power scaling of the laser. Spectral beam
combining (SBC) of VECSELSs by using volume Bragg
gratings6 can maintain near-diffraction-limited beam
quality, but the combined output is an incoherent
multiwavelength beam. Coherent beam combining
(CBC) provides coherent power scaling with ex-
tremely high far-field intensity. However, each com-
bined laser is forced to operate at the same frequency
and is phase locked by master—slave coupling and

0146-9592/06/243612-3/$15.00

self-feedback.” In addition, the coupling loss in the
combmmg cascade structure decreases the efficiency
of CBC.® Therefore it is not easy to maintain high ef-
ficiency CBC of lasers.

Here we propose and demonstrate an efficient
coherent power-scaling approach, the multichip
VECSEL, in which antireflection (AR)-coated
VECSEL chips serve as folding mirrors in a zigzag
fold cavity such as the W-shaped cavity. Recently we
studied the functions of the AR-coated VECSEL chip
serving as a folding mirror in a folded cav1ty % and
found that if the folding angle within the VECSEL
chip is very small, the VECSEL chip can provide not
only resonant periodic gain (RPG), but also double
the round-trip small-signal gain and eliminate the
microcavity resonance for the VECSEL. Compared
with the single-chip VECSEL, this multichip VEC-
SEL has several potential advantages. (1) The heat-
ing is distributed on various VECSEL chips instead
of a single chip. The thermal rollover is delayed, since
less pump power on each chip will be needed for
achieving a high-power VECSEL. Thus more pump
power can be launched to the laser to achieve higher-
power scaling than that of the single-chip VECSEL.
(2) The multichip VECSEL has a much higher round-
trip small-signal gain than a single-chip VECSEL. As
a result, we can use an output coupler with low re-
flectance to increase the slope efficiency of the laser.
(3) The output of a multichip VECSEL is a stable co-
herent beam with good beam quality that is easily
controlled by the fold cavity. In this Letter, we

© 2006 Optical Society of America
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Fig. 1. (Color online) Schematic of a two-chip VECSEL
with a symmetric W-shaped cavity. Relative dimensions not
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present the development and demonstration of a two-
chip VECSEL operating around 970 nm to prove the
concept of the multichip VECSEL.

In the experiment two slightly different VECSEL
chips are used. They are designed for emission
around 975 nm and grown by metal-organic vapor
phase epitaxy on an undoped GaAs substrate. Active
regions of VECSEL chip 1 and VECSEL chip 2 con-
sist of 14 and 10 InGaAs compressive strained quan-
tum wells, respectively. Each quantum well is 8 nm
thick and surrounded by GaAsP strain compensation
layers and AlGaAs pump-absorbing barriers. The
thickness and composition of the layers are optimized
such that each quantum well is positioned at an an-
tinode of the cavity standing wave to provide RPG. A
high-reflecting (R >99.9%) distributed Bragg reflec-
tor (DBR) stack made of 25 pairs of AlGaAs/AlAs is
grown on the top of the active region. In addition to
the RPG active region and DBR stack, there is a high
aluminum concentration AlGaAs etch-stop layer be-
tween the active region and the substrate to facilitate
selective chemical substrate removal. The epitaxial
side of the VECSEL wafer is mounted on chemical
vapor deposition (CVD) diamond by indium solder.
After the removal of the GaAs substrate and etch-
stop layer, a single-layer SizN, (n=1.78 at 980 nm)
quarter-wave low-reflection coating (for a 975 nm sig-
nal) is deposited on the surface of the VECSEL chip
to achieve a reflectivity of less than 1% at the signal
wavelength and ~3% at 808 nm pump wavelength.

A symmetric W-shaped cavity as illustrated in Fig.
1 is designed for this two-chip VECSEL. In the cavity,
the radius of curvature (ROC) of the concaved spheri-
cal folding mirror is 30 cm, and the full folding angle
is about 15°. The distance between the concaved mir-
ror and the VECSEL chip is around 24 cm, and the
highly reflective flat mirror (or flat output coupler) is
4.5 cm away from the VECSEL chip. This cavity con-
figuration defines TEM,, mode size on both VECSEL
chips: ~350 um diameter (tangential) and ~360 um
diameter (sagittal). Two 808 nm pump lasers (not
shown in Fig. 1) launch 19.4 W pump power into
VECSEL chip 1 and 42.1 W pump power into
VECSEL chip 2, respectively. To balance the pump
density and match the mode size on both chips, the
pump spot size is about 410 um in diameter on chip 1
and 480 um on chip 2. The pump spot size on chip 2
is much larger than the mode size, resulting in high-
order transverse mode oscillation when pump density
is high. The concaved spherical mirror results in a
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difference between the tangential and sagittal focal
lengths, making the laser beam asymmetric (ellipti-
cal). To decrease this asymmetry, the folding angle at
the concaved spherical mirror must be kept as small
as possible. A tilted plate such as a birefringent filter
can be incorporated in the focused region of the cav-
ity, as shown in Table 1, to compensate for the astig-
matism due to the nonnormal incidence on the
curved mirror. To take advantage of RPG, the folding
angle on both chips should be kept as small as pos-
sible.

To compare the performance of the single-chip
VECSEL and the two-chip VECSEL and to optimize
the operation condition for the two-chip VECSEL, be-
fore the experiment of two-chip VECSEL, processed
VECSEL chip 1 and chip 2 are characterized at 0°C
(heat sink temperature) with a linear cavity (pump
spot size, ~500 um diameter; ROC of the output cou-
pler, ~30 cm, and cavity length, ~21 cm), respec-
tively. The best results are achieved from each
VECSEL when the output coupler with the reflec-
tance of 97% is employed. The results are listed in
Table 1 and shown in Fig. 2. The lasing wavelength of
VECSEL 1 is 3.9 nm shorter than that of VECSEL 2.

To achieve the best performance of the two-chip
VECSEL, we have to tune the modal gain peaks of
chip 1 and chip 2 such that they overlap, by adjusting
the temperature and distribution of the pump power
on each chip. During the measurement, the lasing
spectrum is monitored by an optical spectral ana-
lyzer. We find that the two-chip VECSEL gives the
best performance when the lasing spectrum has a
narrow linewidth. To extract more output power and
delay the thermal rollover, we cool both chips below
room temperature (chip 2 is mounted on a -5°C and
chip 1 on a 0°C heat sink, respectively).

The reflectance of the two output couplers used in
our experiments are 95% and 91%. When the 95%
output coupler is used in the dual-chip VECSEL, the
measured threshold pump power is approximately
5.8 W and the slope efficiency is 0.33. However, when
the 91% output coupler is used, the threshold in-
creases to approximately 12 W and the slope effi-
ciency improved to 0.44. Figure 2 shows the output of
the two-chip VECSEL as a function of the total ab-
sorbed pump power on two chips when the output
coupler with 91% reflectance is used. The maximum
output power is pump power limited since the pump

Table 1. Comparison of the Best Performance of
Single-Chip and Two-Chip VECSELs

VECSEL VECSEL Two-chip

Laser 1 2 VECSEL

Threshold pump 6.13 5.42 12.9
power (W)

Slope efficiency 0.42 041 0.44

Saturated output (W) 11.0 10.2 19.2

Lasing wavelength 963.9 967.8 966.0

at the threshold (nm)
M? factor at the 1.75 1.71 2.14
maximum output




spectively, where 21 W output power may be
achieved by launching total pump power of 66 W (see
Fig. 2), the performance of the two-chip VECSEL
shows its coherent power scaling advantage over the
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Fig. 2. (Color online) Output power of VECSEL 1, VEC-
SEL 2, and two-chip VECSEL versus total absorbed
808 nm pump power.
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Fig. 3. (Color online) Beam quality factor (M? factor) ver-
sus the output power of the two-chip VECSEL.

laser for VECSEL chip 1 only provides maximum
pump power of 19.4 W. However, due to the unbal-
anced pump power on both chips (19.4 W pump
power on chip 1 and 42 W pump power on chip 2), un-
avoidable overheat on chip 2 is responsible for the
saturation of output power of the two-chip VECSEL.

Figure 3 shows that the beam quality factor (M2
factor) changes with the increase of output power.
The three-dimensional far-field beam profiles are also
inserted in Fig. 3. There is degradation in the beam
quality. When output power is over 19 W, the laser
operates in TEM,; mode. This is because the pump
spot size is much larger than the mode size. Also, the
laser beam is slightly elliptical owing to the folding
angle on the concaved spherical mirror. However, the
beam quality can be improved by reducing pump spot
size on chip 2 such that it matches the TEM,, mode
size.

If the total pump power of 66 W were to be evenly
launched on both chips, the saturation of output
power should be avoided, and based on the slope effi-
ciency of 0.44, the output power of the two-chip
VECSEL should be over 21 W (see Fig. 2). In com-
parison with the ideal (lossless) CBC and SBC of two
single-chip VECSELs made of chip 1 and chip 2, re-

CBC and SBC of two single-chip VECSELSs. Thus the
multichip VECSEL can be an efficient coherent
power scaling scheme. Similar two-chip optically
pumped semiconductor lasers have also been imple-
mented by Coherent Inc.!

In summary, we present the development and dem-
onstration of a two-chip VECSEL with over 19 W of
output power to prove the concept of the multichip
VECSEL. The multichip VECSEL distributes the
waste heat on each chip such that more pump power
can be launched into VECSEL chips before the laser
reaches its thermal rollover. The best performance is
achieved when the peak of the modal gain spectrum
of each chip is tuned to overlap. The performance of
the two-chip VECSEL shows the potential of the mul-
tichip VECSEL in coherent power scaling. Conse-
quently, we propose the multichip VECSEL as an ef-
ficient coherent power scaling scheme.
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