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ABSTRACT

We review our recent progress in the design and operation of 2-inn InGaAsSb /A1GaAsSb
quantum-well diode lasers. The devices have InGaAsSb quantum-well active regions and
AlGaAsSb cladding layers, and all were grown lattice-matched to GaSb substrates using
molecular-beam epitaxy. The broadened-waveguide (BW) design produces internal losses as
low as 2 cm1, which leads to external quantum efficiencies as high as 53%. Single-quantum-
well lasers with 2OO-im apertures and 2-mm-long cavities exhibit output powers of 1.9 W CW
and 4 W quasi-CW. The lowest threshold current densities are 115 A/cm2. Small arrays of
similar multi-quantum-well diodes emit 10.6 W CW. The broadened-waveguide design should
improve the performance of all mid-infrared diode lasers.

Keywords: semiconductor diode lasers, 2 pm wavelength, broadened-waveguide lasers, high-
power, InGaAsSb, A1GaAsSb

1. INTRODUCTION

There are many applications for mid-infrared lasers emitting at wavelengths � 2 tim. These
include trace-gas sensing'; pumping Ho-YAG solid-state lasers2 or mid-infrared semiconductor
lasers3; and infrared countermeasures. The key to the applicability of these devices is room-
temperature, efficient operation. This is especially true in cases demanding high output power.
To improve the efficiency of diode lasers, we have altered the design of conventional,
quantum-well (QW), separate-confinement-heterostructure (SCH), diode lasers4. The SCH
layers have been broadened, resulting in devices exhibiting higher power and higher efficiency
than conventional SCH diode lasers. The improvement stems from a dramatic reduction of
internal optical losses effected by the BW design. In this paper we summarize our results using
the BW design for 2-pin antimonide lasers1'48. Reference 9 discusses the details of the B W
design concept. The BW concept has also been successfully applied to 1.5-.trn InGaAsP/InP
lasers'°, to O.81-Rm A1GaAs/GaAs diode lasers9, and to 0.97- and O.99-im Al-free lasers11'12.

First, we briefly describe the BW concept in Section 2. The performance of BW lasers is
presented in Section 3 and compared with that of conventionally designed lasers. Conventional
lasers have internal losses of tens of cm1, while the BW laser has a loss of 2 cm1. In Section 4
we discuss the characteristics of high-power BW-laser arrays outputting 10 W7. The
performance of single-QW BW lasers is described in Section 5; these lasers output 1.9 W CW
and 4 W quasi-CW with an external efficiency near threshold of 53%. Section 6 contains a
summary of our results and our conclusions.
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2. THE BROADENED-WAVEGUIDE CONCEPT

The BW concept is illustrated schematically in Fig. 1.

BROADENED WAVEGUIDE

transverse optical mode

p-cladding

Band

3 QW, 2 barrIers

STANDARD DESIGN

Figure 1. The schematic conduction-band profile of a broadened-waveguide 3-quantum-well
laser compared with that of a standard design. The transverse optical modes are shown as well.

The conduction-band profiles for a BW and a standard design are shown schematically, along
with the transverse optical modes. Each design incorporates three QWs surrounded by
separate-confinement heterostructure (SCH) layers and cladding layers. Maximal overlap of
the mode with the QWs, QW' determines the SCH width in the standard design. The
distinguishing feature of the BW structure is its wider SCH layers, thus leading to a wider, or
broadened, optical waveguide. The broadened waveguide, unlike the standard design, has a
smaller percentage of the optical mode in the doped cladding layers, in which optical losses
from free-carrier absorption can be large, especially in the p-cladding layer. Cladding layers
are usually doped as heavily as possible to minimize Ohmic losses. BW lasers should,
therefore, exhibit lower internal losses. Since free-carrier absorption increases as a power of
the wavelength, such optical losses are greater for longer-wavelength semiconductor lasers.

A consequence of the BW design is that ITQW is lower, and hence the threshold currents, 'th' in
BW lasers may be higher. It will be seen below that I, is virtually unaffected in BW lasers.
Moreover, high-power lasers are driven at currents many times 'th' so the important laser
parameter is the external efficiency, id= ii aoUI(aoU + oc) [photons/electron]. m is the internal
quantum efficiency. a0U combines the output-facet losses: aoU =- ln(R1R2)/2L [cnf1], where R1
and R2 are the facet reflectivities, and L is the laser cavity length. a [cm1] is the internal
optical loss.

3. THE PERFORMANCE OF 5-QW BROADENED-WAVEGUIDE LASERS

We characterized 2-irn antimonide-based diode lasers with varying degrees of waveguide
broadening5. Figure 2 shows schematically the general energy-band diagram of the lasers. The
band-offset data of Tsou13 were used to construct the diagram. The structures were grown by
molecular-beam epitaxy on GaSb substrates6.
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There are compositionally graded regions between the n-substrate/n-cladding-layer and the p-
c1adding-layer/p-GaSb-cap to facilitate majority carrier flow from the low- into the high-
bandgap compounds. The devices all contained five 10-nm-wide 1n019Ga081As002Sb098 QWs. The
SCH layers and the 20-nm-wide barriers were Al025Ga075As002Sb098, and the 2-tim-thick
cladding layers were Al090Ga010As007Sb093. Broadening the waveguide was accomplished by
symmetrically widening the SCH layers to give a width W for the total thickness of the SCH
and barrier layers.

Fabry-Perot lasers with 100- or 200-pin-wide apertures, S. were made with three waveguide
thicknesses: W = 0.12, 0.32, and 0.88 im. The cavity lengths, L, varied from 0.5 to 2 mm, and in
some cases low-reflect, LR (3%), and high-reflect, HR (95%), coatings were applied to the laser
facets.

Figure 3 shows the CW output-power characteristics for three 2-mm-long lasers, each with a
different waveguide thickness. For optimal cooling the lasers were indium-soldered junction-
side, or epi-side, down to a copper heatsink. The heatsink temperature increased from 10 °C a t
threshold to 15 °C at the maximum output power level. All three lasers had lOOjim apertures
and 2-mm cavities.

Figure 2. The energy-band diagram of InGaAsSb/A1GaAsSb/GaSb lasers used to study the
effects of waveguide broadening.
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Figure 3. CW Output-power characteristics for lasers with
and 0.88 /nn.

waveguide thicknesses of 0.12, 0.32,

The devices' facets were HR-LR coated. Also indicated in Fig. 3 are the external differential
efficiencies, id' and the internal losses, a1. For each laser, a1 was inferred from the standard
analysis of (1 /1d)54' using diodes of various cavity lengths9.

Broadening the waveguide from 0.12 to 0.88 pm decreases x, from 32 to 2 cm'. Likewise, id
increases from 13 to 36%. The threshold currents for all three lasers are about 0.7 A (350
A/cm2), which suggests that the decrease in FQW for a BW laser is compensated by the decrease
in a1. As a consequence of the reduction in the internal losses as W increases, the maximum
output power increases from 0.6 to 1 .2 W. These results show that the BW design affords
increased power from a given QW device.

Figure 4 shows the spectra from a 2-pin BW laser (W 0.88 .tm) taken at 15 °C for output powers
of 10 and 100mW.
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Figure 4. The spectra of a broadened-waveguide laser for CW output powers of 10 and 100 mW.

The laser is 1-mm and has a 1OO-im aperture. At 10 mW, the spectrum is centered at about 1987
urn, and its mode structure is evident. The spectrum shifts to longer wavelength at 100 mW
owing to heating, and it becomes dense with modes. The width of the spectrum at half power is
about 10 iim This is typical behavior for a Fabry-Perot laser, since m mode-selection
mechanism is built into the device.

4. HIGH-POWER 2-rim LASER ARRAYS

The low internal loss of BW lasers means that the Fabry-Perot cavity can be made relatively
long. This reduces output losses. The thermal and electrical resistances of the laser die are
each proportional to L1, so that at diode currents, I, where 'th' the BW laser temperature is
lowered, and the output power increases.

We fabricated arrays of 2-jim BW lasers7. Figure 5 shows a schematic diagram of a mounted 20-
element array.
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Figure 5. Schematic diagram of a mounted 20-element array of 2-pm BW lasers.

The array comprises two 10-element bars mounted p-side, or epi-side, down. The center-to-
center aperture spacing is 500 !nn. During characterization, the copper submount is bolted to a
liquid-cooled heatsink.

Figure 6 shows the output-power characteristic of the array. The threshold current is 12.5 A, or
0.625 A per device in the array.
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Figure 6. The CW output-power characteristic of a 20-element array of 5-QW, 2-pm B W lasers
(W = 0.88 pm). The cavity lengths are 2 mm, and the apertures are 200 pin.
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Figure 7. CW and quasi-CW (qCW) output power characteristics
waveguide laser.

for a single-QW broadened-
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During qCW operation, the laser was driven with 1OO-is current pulses at a 100-Hz rate. The
device had a 2-mm cavity and a 200-tim aperture. The threshold current is 460 mA (115 A/cm2).
This is among the lowest threshold current densities measured for 2-im antimonide lasers15' 16•
Near threshold for both CW and qCW operation, id is 53%, again one of the highest values
reported for this type of device. The maximum CW power is 1.9 W, which is higher than the
previous record12. In the qCW mode the output power reaches 4 W at a drive current of 17.6 A.
The qCW power is higher than the CW power because the heat dissipation is less.

These results clearly demonstrate the benefits of the BW design: lower internal optical losses
with ro penalizing increase in threshold current. This enhancement leads to efficient, high-
power devices.

This is slightly lower than 'th = 0.7 A for the devices in Fig. 3, which had 100-.tm apertures, but
the submount temperature is -20 °C in the present case. Near threshold id is 42%. The
maximum power is 10.6 W at 76 A drive current, at which power the submount temperature has
risen to 0 °C. This power is higher than the previous record at 2-im14. Arrays such as these are
ideal as pumps for Ho-YAG solid-state lasers, since the quantum defect is small.

5. SINGLE-QUANTUM-WELL BROADENED-WAVEGUIDE LASERS

The low internal loss of BW lasers allows the number of QWs to be reduced, since as mentioned
above, cavity lengths can be increased, thereby decreasing output losses. High power can,
therefore, be achieved with fewer QWs. In addition, fewer QWs should result in less
interfacial optical scattering, thus further lowering

Figure 7 shows the output-power characteristics taken at 10 °C for a single-QW BW laser
operating in the CW and quasi-CW (qCW) modes14.
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6. SUMMARY AND CONCLUSIONS

This work has shown that 2-jim InGaAsSb/A1GaAsSb/GaSb broadened-waveguide diode
lasers exhibit internal optical losses as low as 2 ait1. These low losses are the result of
minimizing free-carrier absorption in the cladding layers by using a waveguide that is about 7
times wider than the typical standard design. With internal losses reduced to a few cm, long-
cavity, high-power lasers are possible. Single-quantum-well, broadened-waveguide devices
with 2OO-.tm apertures and 2-mm cavities output 1.9 W CW and 4 W quasi-CW. The external
efficiency is 53%, and the threshold current density is 115 A/cm2. A 20-element array of B W
lasers output 10.6 W CW. All of these are record output powers. While the broadened-
waveguide design has effected dramatic improvements in 2-.tm lasers, shorter-wavelength
lasers have also shown improved performance using the broadened-waveguide design. For
wavelengths greater than 2-jim, where free-carrier absorption is greater, the broadened-
waveguide approach should be very beneficial.

7. ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of this work by the Phillips Laboratory under
Contract F29601-93-C-0036. M. C. Harvey, D. Gilbert, P. Gardner, R. Materese, A. Triano,
D. Capewell, and R. Farkas provided valuable technical assistance.

8. REFERENCES

1 . Ramon U. Martinelli, Dmitri Z. Garbuzov, Hao Lee, Pamela K. York, Raymond J.
Menna, John C. Connolly, and Yegna S. Narayan, "InGaAsSb/AlGaAsSb Mid-Infrared
Diode Lasers for Gas Sensing", in Laser Diodes and Applications, Kurt J. Linden and
Prasad R. Akkapeddi, Editors, Proc. SPIE 2382, 250 (1995)

2. C. D. Nabors, J. Ochoa, T. Y. Fan, A. Sanchez, H. K. Choi, and G. W. Turner,
"Ho:YAG Laser Pumped by 1.9-pm Diode Lasers," IEEE J. Quantum Electron., 31,
1603-05 (1995).

3. H. Q. Lee, G. W. Turner, and J. R. Ochoa, "Turn-key, liquid-nitrogen-cooled 3.9.tm
semiconductor laser package with 0.3W CW output," Electron. Lett., 32, 2359-60
(1996).

4. D. Garbuzov, H. Lee, P. York, R. Menna, R. Martinelli, L. DiMarco, S. Y. Narayan, D.
Capewell and J. C. Connolly, "AlGaAsSb/InGaAsSb/GaSb quantum well lasers with
separate confinement heterostructures for 2 im operation", in Laser Diodes and
Applications, Kurt J. Linden and Prasad R. Akkapeddi, Editors, Proc. SPIE 2682, 216
(1996)

5. D. Z. Garbuzov, R. U. Martinelli, H. Lee, P. K. York, R. J. Menna, J. C. Connolly,
"Ultralow-loss broadened-waveguide high-power 2 .im A1GaAsSb/InGaAsSb/GaSb
separate-confinement quantum-well lasers", App!. Phys. Lett., 69, 2006 (1998)

6. H. Lee, P. K. York, R. J. Menna, R. U. Martinelli, D. Z. Garbuzov, S. Y. Narayan, '2.78
pm InGaAsSb/A1GaAsSb Multiple Quantum Well Lasers with Metastable Wells
Grown by Molecular Beam Epitaxy", J. Crystal Growth, 150, 1354 (1995)

7. R. J. Menna, D. Z. Garbuzov, R. U. Martinelli, H. Lee, P. K. York, J. C. Conno!ly and S. Y.
Narayan, "Low-Loss, Broadened-Waveguide, High-Power 2-pm
AlGaAsSb/InGaAsSb/GaSb Separate Confinement Quantum-Well Lasers", MRS
Proceedings, 450, 1996, pp. 91-96.

245

Downloaded from SPIE Digital Library on 19 Nov 2009 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms



246

8. D. Z. Garbuzov, R. U. Martinelli, H. Lee, R. J. Menna, P. K. York, L. A. DiMarco, M.
G. Harvey, R. J. Materese, S. Y, Narayan, and J. C. Connolly, "4 W quasi-continuous-
wave output power from 2-!.tm A1GaAsSb/InGaAsSb single-quantum-well
broadened waveguide laser diodes," Appl. Phys. Lett., 70, 2931 (1997)

9. D. Garbuzov, J. H. Abeles, N. A. Morris, P. D. Gardner, A. R. Triano, M. G. Harvey, D.
B. Gilbert, and J. C. Connolly, "High power separate confinement heterostructure
AlGaAs/GaAs laser diodes with broadened waveguide", in Laser Diodes and
Applications, Kurt J. Linden and Prasad R. Akkapeddi, Editors, Proc. SPIE 2682, 20
(1996)

10. D. Garbuzov, R. Menna, H. Lee, R. Martinelli, and J. C. Connolly, "Broadened
Waveguide, Low Loss 1.5 .tm InGaAsP/InP and 2 .tnt InGaAsSb/AlGaAsSb Laser
Diodes", Conference Proceedings: 1997 mt. Conf. on Indium Phosphide and Related
Materials, 11 - 15 May 1997, Hyannis, Cape Cod, MA., pp. 551 -554

11. A. Al-Muhanna, L. J. Mawst, D. Botez, D. Z. Garbuzov, R. U. Martinelli, and J. C.
Connolly, "14.3 W quasicontinuous wave front facet power from broad-waveguide Al-
free 970 nm diode lasers", App!. Phys. Lett., 71, 1 (1997)

12. D. Z. Garbuzov, M. R. Gokhale, J. C. Dries, P. Studenkov, R. U. Martinelli, J. C.
Connolly, and S. R. Forrest, "13.3 W quasi-continuous operation of 0.99 im wavelength
SCH-QW InGaAs/GaAs/InGaP broadened waveguide lasers", Electron. Lett., 33, 1462
(1997)

13. Y. Tsou, A. Ishii, and E. M. Garmire, "Improving InAs Double Heterostructure Lasers
with Better Confinement", IEEE J. Quantum Electron., QE-28, 1261 (1992)

14. J. S. Major, Jr., J. S. Osinski, and D. F. Welch, "8.5 W CW 2.0 .tm InGaAsP laser diodes",
Electron. Lett., 29, 2112 (1993)

15. H. K. Choi, G. W. Turner, and S. I. Iglash, "High-Power GaInAsSb Multiple-
Quantum-Well Diode Lasers Emitting at 1.9 tim", IEEE Photon. Technol. Lett., 6, 7
(1994)

16. G. W. Turner, H. K. Choi, and M. J. Manfra, "Ultralow Threshold (50 A/cm2) Strained
Single-Quantum-We!! GaInAsSb/A1GaAsSb Lasers Emitting at 2.05 urn", LEOS '97, San
Francisco, 10-13 November 1997, paper PD1.6.

Downloaded from SPIE Digital Library on 19 Nov 2009 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms


