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Room-temperature continuous-wave operation of InGaN multiple-quantum-
well laser diodes with an asymmetric waveguide structure
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Room-temperature continuous-wave~cw! operation is demonstrated with InGaN
multiple-quantum-well laser diodes containing an asymmetric waveguide structure. Pulsed
threshold current densities as low as 5.2 kA/cm2 have been obtained for ridge-waveguide laser
diodes grown on sapphire substrates by metal-organic chemical vapor deposition. For improved
thermal management, the sapphire substrate was thinned and the devices were mountedp side up
onto a copper heatsink. Under cw conditions at 20 °C, threshold current densities were 8.3 kA/cm2

with threshold voltages of 6.3 V. The emission wavelength was 401 nm with output powers greater
than 3 mW per facet. Under cw conditions, laser oscillation was observed up to 25 °C. The
room-temperature cw operation lifetimes, for a constant current, exceeded one hour. ©1999
American Institute of Physics.@S0003-6951~99!03430-0#
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Since the first demonstration of an InGaN multipl
quantum-well~MQW! laser diode1 enormous progress ha
been made with several groups having now demonstr
room-temperature continuous wave~cw! operation of
InGaAlN laser diodes2–5 and the currently most advance
devices operating at lifetimes greater than 10 000 h.6,7 Com-
mercialization of violet laser diodes was recen
announced,8 which target a wide range of applications pa
ticularly high-density optical data storage. In all of th
present approaches a separate confinement heterostructu
ser diode structure has been employed with approxima
100-nm-thick doped GaN waveguiding layers on top a
bottom of the active region. A 200-Å-thickp-doped
Al0.2Ga0.8N tunnel barrier layer~TBL! on top of the InGaN
MQW active region is used to supply the necessary car
confinement in order to suppress electron leakage or to
serve the structural quality of the InGaN MQW stack. Ho
ever, the growth and, in particular, the controlledp doping
and thickness monitoring of such a thin and high alumin
containing layer is not straightforward within the boundar
of group III-nitride growth. In our approach we therefo
have employed a different device structure, which is mu
easier to implement, using an asymmetric waveguide st
ture. In this approach thep-doped Al0.08Ga0.92N cladding
layer is grown directly on top of the InGaN MQW activ
region, which leaves out thep-doped GaN waveguiding laye
and thep-doped Al0.2Ga0.8N TBL. Consequently, the uppe
cladding layer provides the optical confinement and serve
a barrier for electron confinement at the same time. Our
electric waveguide calculations using~MODEIG!9 simula-
tion software show a negligible reduction in optical confin
ment factorG in comparison with the more convention
device structure.10 For a five quantum well active region th
total optical confinement factor for the asymmetric wav
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guide is about 1.06% per QW, which is only slightly low
than the confinement factor of;1.1% per QW for a conven-
tional structure.

The InGaAlN films were grown on a-face sapphire su
strate by metal organic chemical vapor deposition. Figur
is a schematic of the device structure. First, a 4-mm-thick,
Si-doped GaN layer was grown, followed by a 0.1-mm-thick
Si-doped In0.03Ga0.97N defect reducing layer, a 0.5-mm-thick
Si-doped Al0.08Ga0.92N cladding layer and a 0.1-mm-thick
Si-doped GaN waveguiding layer. The active region w
formed with five In0.1Ga0.9N/In0.02Ga0.98N quantum wells
with a well width of 35 Å and a barrier width of 60 Å. The
upper 0.5-mm-thick Mg-doped Al0.08Ga0.92N cladding layer
was then grown directly on top of the active region, follow
by a 0.1-mm-thick, Mg-doped GaN contact layer. Afte
metal-organic chemical vapor deposition~MOCVD! growth,
a ridge waveguide was formed by etching into t
Al0.08Ga0.92N cladding layer with chemically assisted io
beam etching~CAIBE!. Subsequently, mesas and mirrors f
the edge-emitting laser diodes were fabricated also by u
CAIBE.11,12 Then metal contacts were deposited on the
posedn-type GaN layer for the lateral electrical connectio
and on the topp-type GaN layer~through openings in a
silicon oxynitride overlayer!. In order to reduce the mirro

FIG. 1. Schematic diagram of the InGaN MQW laser diode with an asy
metric waveguide structure.
© 1999 American Institute of Physics
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loss, a high reflective dielectric coating was deposited
both mirrors. Finally, in order to evaluate the performan
under cw conditions the sapphire substrate was thinne
about 100mm and then the laser diodes were mountedp side
up onto a copper heatsink.

Figure 2~a! shows the light output power versus curre
characteristics of a 10mm31000mm ridge-waveguide lase
diode device operating under pulsed conditions~500 ns pulse
width, 1 kHz repetition frequency!. The temperature of the
laser diode was controlled by adjusting the temperature
the heatsink in increments of 10 °C. Threshold current d
sities were as low as 5.2 kA/cm2 at room-temperature unde
pulsed conditions. As can be seen laser operation was
sible up to a device temperature of 100 °C. From the te
perature dependence of the threshold current density
shown in Fig. 2~b!, a characteristic temperatureT0 of 93 K
could be extracted in the vicinity of room temperature. T
is slightly lower than the values we obtained in symmet
structures13 or that have been reported by other groups,4,14

which can be explained by the smaller barrier height of
Mg-doped Al0.08Ga0.92N cladding layer compared to the ba
rier height provided by thep-doped Al0.2Ga0.8N TBL. Nev-
ertheless,T0 was clearly high enough to allow room
temperature cw operation.

FIG. 2. ~a! L – I characteristic of a 10mm31000mm ridge waveguide laser
diode under pulsed operation~pulse width 500 ns, repetition frequency
kHz! for a temperature range between 10 and 100 °C measured in in
ments of 10 °C.~b! Temperature dependence of the threshold current d
sity. From the slope of the curve a characteristic temperatureT0 of 93 K is
obtained.
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Figure 3 shows the light output versus current charac
istics of a 3mm3750mm ridge-waveguide laser diode de
vice operating under cw conditions for different heatsi
temperatures. As can be seen cw laser operation was
served up to 25 °C. The cw threshold current at room te
perature was 187 mA, corresponding to a threshold cur
density of 8.3 kA/cm2. For the aboveT0 this increase in
threshold current density corresponds to apn-junction tem-
perature of about 65 °C. Figure 4 shows that light outp
power values greater than 3 mW per facet were obtain
which correspond to a differential quantum efficiency
5.7% taking into account the combined output of both face
The threshold voltages were;6.3 V. Evaluation of the total
power dissipation within the devices at threshold yielded
value of ;40 K/W for the thermal resistivity. This is also
consistent with the thermal rollover point observed in t
L – I curves, which occurs when thepn-junction temperature
reaches about 100 °C.

Figure 5 shows the room-temperature cw emission sp
trum of the same laser diode device slightly above thresh
The full width at half maximum~FWHM! of the emission
peak is about 0.2 Å, which is the limit of resolution of ou
spectrometer. Longitudinal Fabry–Perot modes are cle
resolved in the spectrum with a mode spacing of 0.30

re-
-

FIG. 3. L – I characteristic of a 3mm3750mm ridge waveguide laser diode
under cw conditions for different temperatures.

FIG. 4. V– I and L – I characteristic of a 3mm3750mm ridge waveguide
laser diode under cw operation at 20 °C.
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This mode spacing yields an effective refractive index
3.53. This value is somewhat larger than the refractive in
for InGaN material but can be explained to be the stro
dispersion near the band edge, the change in refractive in
due to the high carrier density in this material, and increa
device temperature at threshold.15

Figure 6 shows a lifetime measurement on
3mm3750mm ridge-waveguide laser diode device wi
asymmetric waveguide structure operating under cw co
tions at 20 °C. During the measurement the dc forward c
rent was kept constant at 201 mA and the light output of
laser diode was recorded. Upon application of the dc forw
bias the output power decayed rapidly~within 20–30 s! from
about 0.9 mW to near 0.5 mW and then continued to degr
further at a much slower rate. We can attribute this init
drop in intensity to diode heating until the laser chip and
setup reach a steady state temperature. We were able t
cover the device performance after stopping at the e

FIG. 5. Room-temperature cw emission spectrum of a 3mm3750mm ridge
waveguide laser diode measured at a dc forward current of 190 mA.

FIG. 6. Measured lifetime of a 3mm3750mm ridge waveguide laser diode
under cw operation at 20 °C and a constant current of 201 mA.
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stage of the lifetime test. However, the degradation of
device performance in the later stage of testing was irrev
ible, but no sudden failure or significant change in t
current–voltage (I –V) characteristic was observed. Th
degradation mechanism is being investigated. Measurem
of the emission spectrum and theL – I characteristic showed
that the device was still lasing after more than one hour
operation, however, the threshold current had increased
the differential quantum efficiency was reduced.

In summary, we have demonstrated room-tempera
cw operation of InGaN MQW laser diodes employing
asymmetric waveguide structure without ap-doped
Al0.2Ga0.8N TBL or a p-doped GaN waveguiding layer. Th
3-mm-wide ridge-waveguide laser diodes with CAIB
etched facets exhibited cw threshold current densities of
kA/cm2 and threshold voltages of 6.3 V. The emission wav
length was 401 nm with output powers greater than 3 m
per facet. The laser diode lifetimes exceeded one hou
respectable number for entry-level cw operation.
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