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Over 3 W high-efficiency vertical-external-cavity surface-emitting lasers
and application as efficient fiber laser pump sources
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We report on the design and fabrication of high-power, high-brightness diode-pumped
vertical-external-cavity surface-emitting lasers. Over 3 W continuous wave fundamental transverse
mode (TEMgo) output at 980 nm with a high slope efficiency of 44% is demonstrated at room
temperature. The diffraction-limited beam witfi?> factor of 1.15 at high-power operation is
achieved. A vertical-external-cavity surface-emitting laser operating near 976 nm with a
diffraction-limited beam is used to pump the core of 3 cm long Er/Yb-codoped single-mode
phosphate fiber lasers. An output power in excess of 250 mW at 1535 nm with a slope efficiency of
29% is obtained without any cooling. @005 American Institute of Physics
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High-power high-brightness lasers are the key elementspot. A VECSEL operating at 976 nm is used to pump the
for a wide range of commercial and defense applicationscore d a 3 cmlong highly doped erbium/ytterbiutEr/Yb)
Optically pumped semiconductor vertical-external-cavitysingle-mode phosphate fiber laser. An output in excess of
surface-emitting laser®ECSELS are particularly attractive 250 mW with high slope of 29% is achieved at 1535 nm
for their high power and excellent beam quaﬁTﬁ‘/.They can  without any cooling.
be used in a wide range of applications, including fiber laser  High-power cw operation of VECSEL requires high-gain
pump source, intracavity frequency doubling, ladar, and freeé QW structures combined with efficient heat extraction
space communication. VECSELs combine the techniques dfom the active region. Based on the microscopic many-body
diode-pumped solid-state thin disk lasers and semiconductaheory® the VECSEL structure is designed for emission
quantum-well vertical-cavity surface-emitting lasers. In thesearound 980 nm. To delay the thermal rollover, the active
lasers, a semiconductor multiquantum we{l QW) active  region is designed so that the quantum-well gain peak is
region and a distributed Bragg reflect®BR) stack, only a  blueshifted initially with respect to the microcavity
few microns thick, is mounted on the heat spreader or heaiesonancé.to account for a higher rate of thermally induced
sink, resulting in efficient heat dissipation which makesshift of the gain peak, compared to the rate of shift of the
VECSEL a strong candidate in power-scalable la3@gti-  microcavity resonance. The VECSEL structure was grown
cal pumplng of multiquantum wells is the most straightfor- by meta|0rganic vapor phase ep|taWOVPE) on an un-
ward way to achieve a uniform carrier distribution over adoped GaAs substrate. The active region consists of 14
large pump area, and is particularly advantageous for multinGaAs compressive strained quantum wells. Each quantum
watt operation. The external output couplsrirror) controls  ell is 8 nm thick and surrounded by GaAsP strain compen-
the transverse mode operation. Other reports of similar VECsation layers and AlGaAs absorbing barriers. The thickness
SELs have been published where output power has beeihd compositions of the layers are optimized such that each
scaled up to 8-10 W with high beam quality, using a largerguantum well is positioned at an antinode of the standing
pump spot than was used in this wark. ~wave of the laser field to provide resonant periodic gain

In this letter, we report on the development of a high-(RpQ) in the active region. Figure 1 shows the schematic
power high-brightness VECSEL with TEM transverse cross section of the structure. A high reflectivity
mode and its use as an efficiept pump source for single-mod@> 99.9%) DBR stack made of 25 pairs of AlGaAs/AlAs
fiber lasers. Over 3 W continuous-wavew) TEMqo M2 g grown on the top of the active region. In addition to the
=1.15 output and a high slope efficiency of 44% are Rpg active region and DBR stack, there is a high aluminum
achieved at room temperature for 22 diameter pump  concentration AlGaAs etch-stop layer between the active re-
gion and the substrate to facilitate selective chemical sub-
¥Electronic mail: lifan@optics.arizona.edu strate removal.
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FIG. 1. Refractive index profile through the VECSEL structure with the

standing wave pattern for the lasing wavelength at 975 nm. FIG. 2. Surface-emitting PL spectrum from the VECSEL sample.

The fabrication of the VECSEL is critical to the laser radius of curvature and 96% reflectivity. The cavity length
performance. The VECSEL should have high surface qualityvas adjusted for maximum TEjd output.
to minimize scattering/diffraction losses and efficient heat ~ Before building the external cavity, the surface-emitting
extraction from the active region to avoid thermal rollover photoluminescenc¢PL) spectrum is captured normally to
and thermal lensing. To achieve this goal, a high thermathe sample surface by a multimode fiber. The surface-
conductivity (>15 W cnt* K1) chemical vapor deposition emitting PL spectrum is a convolution of the quantum-well
(CVD) diamond with h|gh surface qua”typeak_to_va”ey PL, DBR reflector, and the microcaVity formed by the DBR
height< 100 nm is used as the submount/heat spreader. Thand semiconductor/air interface etalon. It can be used as a
fabrication process includes sample mounting and substratgol to measure the characteristic of spontaneous emission
removal. First, the epitaxial side of a 2 mf2 mm VEC- inside the microcavity, and to estimate the material gain peak
SEL wafer and CVD diamond are metallized with titanium Wavelength. Figure 2 shows the surface-emitting PL spec-
and gold. Then, the wafer is mounted on CVD diamond bytrum at a low pump level. There are two major peaks around
soft indium solder, which has high thermal conductivity and946 nm and 980 nm. They correspond to the longitudinal
can reduce thermal stress at the semiconductor/submount ifgsonance modes in the microcavity that fit the DBR band-
terface. Since the lasing wavelength of the VECSEL andvidth. The peak around 945 nm is stronger than the peak
resonance of microcavity strongly depend on the semiconaround 980 nm at lower pump level, suggesting that the
ductor microcavity thicknessthe substrate and etch-stop re- quantum-well gain peak wavelength is blueshifted with re-
moval must be well controlled to obtain the proper semicon-sPect to the lasing wavelengtaround 980 nm This is an
ductor microcavity thickness and the optically smoothagreement with the design and allows the VECSEL to oper-
surface. The substrate is first etched to a thickness of abo@t€e With high pump power before the thermal rollover.
50 um by a fast nonselective wet chemical etching using The VECSEL is characterized at room temperature
H,S0,:H,0:H,0,. The remaining GaAs substrate is subse-(—20 °C). Figure 3 shows the TEpj output power as a
quently removed by selective wet chemical etching usingunction of net pump power. For a 22em diameter pump
CeHgO-: H,0,. After the substrate removal, a diluted hydrof- Spot, a cw TEM, output power of 3.1 W with a slope effi-
luoric acid is used to remove the AlGaAs etch-stop layerciency (SE) of 44% is achieved. To charaterize the spatial
After substrate removal, the remaining semiconductor is onlytranvers¢ mode of the VECSEL, the output beam is focused
6.5 um thick, allowing efficient heat dissipation at high by an objective lens into a real-time beam profiler Beam-
pumping energy. The surface quality of the VECSEL sampléVAP (DataRay Ing.to measure the value of thé? factor as
is then characterized by the interferometer, WYKO NT-2000he criteria of VECSEL beam quality. Measured valuedf
and a peak-to-valley height of less than 50 nm in an area of

0.5 mmx 0.5 mm can be achieved. This optically smooth 3500 T r T T T
surface makes the scattering/diffraction loss negligible and — 3000 1
results in high slope efficiency and high beam quality. %

The processed sample is mounted on a thermoelectric £ 2500 1
cooler for temperature control. The lasing experiment is con- £ 2000 ]
ducted by using a fiber coupled multimode 808 nm diode %
laser pump source. The pump light from the fiber, with g 1500 1
100 um core fiber diameter and 0.22 numerical aperture, is = 1000 |
focused onto the sample by a relay lens with 18 mm focal §
length at an incident angle of 30°. The pump spot size, as o 500 1
determined by photoluminescence emission, is adjusted to be 04 i
220 um in diameter. As the sample is uncoated, about 27%

2000 4000 6000 8000 10000 12000

incident pump power is reflected at the semiconductor/air Net pump power (mW)

interface. This amount can be reduced by a lower reflectivity

coating on the surface of the processed semiconductor. Theg. 3. VECSEL TEM, cw output power at 980 nm vs net pump power at

external cavity is formed using a concave mirror with 10 cmroom temperaturé~20 °C).
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FIG. 5. Single-mode fiber cw output power at 1535 nm vs the VECSEL
FIG. 4. 3D VECSEL beam profile and Gaussian fit along the cross sectioaunching power at 976 nm.
of the beam at high-power operation.

factor are 1.05 and 1.15 at low-power operatidnW) and  POWer as a function of VECSEL pump power. A threshold of
high-power operatiof3 W), respectively. Figure 4 shows the 80 MW and SE of 29% relative to the launched pump power
three-dimensional3D) beam profile and the Gaussian fit of 1S achieved. An output power in excess of 250 mW at 1535
the beam at high-power operation. nm is obtained without any cooling. o
The efficiency of heat dissipation can be characterized N comparison with the above cladding-pumping single-
by measuring the lasing wavelength shift with pump potver. mode fiber lasers that are built by the same kind of fiber and
The lasing wavelength is measured by optical spectrum angimilar cavity, with the slope efficiency of 10% and 20% at
lyzer. The measured lasing wavelength shift of our VECSELIOW pump power for 3 cm long and 7.1 cm long figér,
is 0.22 nm/kWecm?. This slow lasing wavelength shift re- respectively, a significant improvement in the SE is achieved
flects efficient heat dissipation at the indium-solder-CvDbY using the VECSEL core pumping.
diamond interface. In conclusion, we developed and demonstrated a high-
The ultrashort Er/Yb-codoped single-mode fiber laserdrightness and high-power VECSEL. Over 3 W Tg)dut-

are very attractive to achieve compact high-power singleput power and high slope efficien¢9.44) has been achieved
longitudinal-mode lasing. Two pump schemes are usuallyat room temperature. Good surface quality and thermal man-
used for fiber lasers: Multimode cladding-pumping andagement is the key for the VECSEL performance. The laser
single-mode core-pumping schemes. The core-pumpingCts as an excellent pump source for the single-mode-fiber
scheme leads to significantly improved pump absorption antfser. An output power in excess of 250 mW at 1535 nm with
pump efficiency compared to the cladding-pumpinga SE of 29% from a 3 cnfong single-mode-fiber laser was
schemeé. Especially for an ultrashort single-mode fiber la- obtained without any cooling. Simple and efficient VECSEL
ser, a high-power VECSEL with a diffraction-limited circular pumping of the fiber laser should allow the development of
beam can be an efficient pump source since it is efficientlygven shorter, more compact, fiber lasers and arrays.

upled into the single-mode core by an objective lens. We . -
ﬁgeg a VECSEL opegrating at 976 nmyto pumjp the core of a The authors would like to thank Li Li, Elena Temyanko,

; ; . Robert Bedford, and Marc Schillgalies for their technical
ultrashort highly Er/Yb-codoped single-mode phosphate fi- 0 Lo . ,
ber laser. The fiber length is only 3 cm, and bare fiber issuppo.rt.. This work is supported by the Air Force Office of
installed in a low index glass tube having an inner hole di->¢i€ntific Research through a MRI Program F49620-02-1-

ameter of 135um without any cooling. This single-mode 0380.

phosphate fiber has a core diameter quﬁ and supports M. Kuznetsov, F. Hakimi, R. Sprague, and A. Mooradian, IEEE J. Sel.

the fundamental mode at 1535 rirtf Since the phosphate Top. Quantum Electrons, 561 (1999.

QL?SSt hat?\ high SO_|U?:!it)rIIIOfdrare-gaf'ﬁ?hiC;QJSl ngéd |0W/<rir|$ls'ffe“n923. Lutgen, T. Albrecht, P. Brick, W. Reill, J. Luft, and W. Spath, Appl.

effects, the core is highly doped wi < ions 0 Phys. Lett. 82, 3620(2003.

Er*3 and 8.6x 10%° ions/m? of Yb*3 to optimize pump ab- - ET"E; S. ﬁ,utlt:emogfglg-égitigg%oi)fhaﬂes, A. Caprara, M. Reed,
H +3 an . Spinelll, Proc. .

sorptlon r.;md energy tranSfer.from _%IO_ Er® and to “A. C. Tropper, H. D. Foreman, A. Garnache, K. G. Wilcox, and S. H.

achieve high gain. Two dielectric coating mirrors are used to Hoogland, J. Phys. [87, R75(2004.

form the laser cavity. On the pump side, the mirror, which is c. stewen, K. Contag, M. Larionov, A. Giesen, and H. Hiigel, IEEE J. Sel.

directly coated on the one end of the phosphate fiber, has th(6aTop. Quantum Electron6, 650 (2000.

reflectivity of Ry(As=1535 nm>98% at the signal wave- g Ha‘t?‘ef' E.V'tM("S”EégZS’Xg Koch, and W. W. Chow, IEEE J. Sel. Top.

_ 0 uantum kelectrons, .

|ength ande(_)\p_976 nI’T)_<5/0 at the pump Wavelength' "A. R. Zakharian, J. Hader, J. V. Moloney, S. W. Koch, P. Brick, and S.

The output mirror has a high reflectivity &(\,) >96% at Lutgen, Appl. Phys. Lett83, 1313(2003.

the pump Wa\/elength anﬂz()\s):e,o% at the signal wave- zD. Kouznetsov anFi J V. Moloney, J. Opt. Soc. Am.1B, 1259(2002 .

length. A simple and efficient pumping is achieved by di- ¥ Lhenprf)léx’gii (';g‘g]')erv V- Doya, P. Roy, and D. Pagnoux, Opt. Fiber

rectly coupling the circular beam of the VECSEL into the 1°Téc(:3iuol_-. Li A Schuligen V. L. Temyanko, T. Luo, S. Jiang, A. Mafi, J.

Slngle-mode core of the fiber using a ConV_enuonal objective v, Moloney, and N. Peyghambarian, IEEE Photonics Technol. L.

lens. Figure 5 shows the single-mode fiber laser output 2592(2004.

Downloaded 06 Jun 2005 to 128.196.206.113. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



