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Performance and degradation of continuous-wave InGaN
multiple-quantum-well laser diodes on epitaxially laterally
overgrown GaN substrates
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The performance and degradation characteristics of continuous-wawe InGaN
multiple-quantum-well laser diodes are reported. A cw threshold current as low as 62 mA was
obtained for ridge-waveguide laser diodes on epitaxially laterally overgrown GaN on sapphire
substrates grown by metalorganic chemical vapor deposition. Transmission electron microscopy
reveals a defect densitg5x 10° cm 2 in the active region. The emission wavelength was near
400 nm with output powers greater than 20 mW per facet. Under cw conditions, laser oscillation
was observed up to 70°C. The room-temperature cw operation lifetimes, measured at a constant
output power of 2 mW, exceeded 15 h. From the temperature dependence of the laser diode
lifetimes, an activation energy of 0.50 é\0.05 eV was determined. @000 American Institute of
Physics[S0003-695000)03339-9

Since the first demonstration of an InGaN multiple- composition of 8% an active region comprised of four 35 A
quantum-well(MQW) laser diodé enormous progress has thick InGaN quantum wells sandwiched between (rf-
been made with the currently most advanced devices operathick GaN waveguiding layers, a 20-nm-Mg-doped AlGaN
ing under cw conditions and lifetimes greater than 10 00Gunnel barrier layer grown on top of the MQW, a QuBa-
h.22In the meantime a number of other groups have demonthick Mg-doped AlGaN cladding layer, and finally a Quin-
strated room-temperature cw operation of INnGaAIN lasetthick Mg-doped GaN contact layer.
dioded4~" and the commercialization of violet laser diodes Transmission electron microscogfEM) was used to
was recently announcédargeting a wide range of applica- determine the defect density of the ELOG structure. Plan-
tions particularly high-density optical data storage. As Nakaview TEM (PTEM) and cross-section TEM(XTEM)
mura and co-workers have shown, the lifetime of group lll-samples were prepared along @901 and(10-10 direc-
nitride laser diodes can be greatly improved by reducing th¢ion, respectively. The samples were argon ion milled to
dislocation density in the material, for example, by employ-electron transparency and images were taken to reveal edge,
ing an epitaxial lateral overgrowth technigt® Neverthe-  screw, and mixed dislocations in order to accurately deter-
less, relatively little is known about the nature and origin ofmine the defect density. Figure 1 shows TEM images of
the degradation mechanism in such devices. ELOG structures in cross sectigfig. 1(a)] and planview

In this letter we report on the performance of InGaN
MQW laser diodes grown on low-dislocation density epitaxi- . .
ally laterally overgrown(ELOG) GaN on sapphire substrates Device Region
and the dependence of laser lifetime on device temperatur:
and light output power. The laser structures were grown on(a
sapphire substrates by metalorganic chemical vapor depos
tion (MOCVD). First, a 2um thick GaN film was deposited
the (0001 c-plane sapphire substrate followed by a 100-nm-
thick layer of silicon dioxide (Si¢). The SiQ film was
subsequently patterned to form aru@-wide stripe pattern
with a period of 11um parallel to the(10-10 direction of /

the GaN. MOCVD growth was then resumed and aulb NNAANAAANETAN
thick, Si-doped GaN layer deposited on the patterned sub

A\

. . GaN
strate. The growth was completed with a standard laser diodt i
heterostructure as followsa 0.1um-thick Si-doped InGaN sapphire
defect reducing layer, a m-thick Si-doped AlGaN/GaN
strained-layer-superlattice cladding layetith an average Al Cross section Plan view

FIG. 1. (a) Cross-sectional TEM along th@0-10 direction and(b) plan-
¥Electronic mail: kneissl@parc.xerox.com view TEM image along th€0001) direction of an ELOG film grown on
PPresent address: LumilLeds Lighting, 370 W. Trimble R., San Jose, C/Asapphire. The XTEM image was taken with diffraction veger11—22 and
95131. PTEM was taken witlg=11-20.
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FIG. 2. Current—voltageM—I) and light output—currentl(—I) character-
istic for a 2 um ridge waveguide laser diode under cw operation at 20 °C.

[Fig. 1(b)]. The quantum well region is indicated by the ar-
row in Fig. 1(a). A higher density of basal plane dislocations
are located in the suture region where the film has coalesced
(located in the middle of the SiOmesag compared to the
seed regior(film between the Si@ mesas The density of
threading dislocations was determined from large dg&s
wm?) plan view images to bec5x10" cm™? in the active
region compared te-10'° cm™? in the GaN seed region.
Ridge waveguide structures were formed between the seed
and the suture region by etching into the AlGaN cladding
layer with chemically assisted ion beam etchi{@AIBE).
Subsequently mesas and mirrors for the edge-emitting laser
diodes were also fabricated with CAIBE. Metal contacts L
were then deposited on the exposetype GaN layer for the 20 40 60 80 100
lateral electrical connecti_on and on th(_a foype G_aN Ie_xyer. _ temperature (°C)
In order to reduce the mirror loss, a high reflective dielectric
coating (R~90%) was deposited on the backside mirrors.FIG. 3. (a) cw L—I characteristics for a zm ridge waveguide laser diode
Finally, in order to evaluate the performance under cw conlecorded over the range of heatsink temperatures fror_n 20 to 7MmjC.
ditions the sapphire substrate was thinned to about 420 Temp(;—zrature depgdndtl-:Ance (()jf tge thresholddcur(rjent density form>2800
wm ridge waveguide laser diode measured under pulsiehgles and cw
and the laser diodes were mountegide up onto a copper conditions(circles.
heatsink.
Figure 2 shows the voltage—current and light output . .
power—current characteristics of a @m ridge-waveguide Pulsed conditionl kHz repetition frequency andds pulse
laser diode device with a cavity length of 4@@n operating  Width), which was measured to be around 107 K.

cw conditions at room temperature. The cw threshold current I Order to determine the actuph-junction temperature
is as low as 62 mA, which corresponds to a current densit)?f the device when operated under cw conditions, the change

of 7.8 kA/cn? with a threshold voltage of about 7.5 V. The I emission wavelength and threshold current were measured
cw light output power from the front facet was greater than@nd compared to the values when operated under pulsed con-
20 mW, for a differential quantum efficiency of more than ditions. For the abovel, and a 2 umx800 um ridge-

0.5 W/A. The emission wavelength of the laser diode wagvaveguide laser diode device we found that the increase in
near 400 nm. For the same device the cw light output powethreshold current corresponds to a increasepmjunction
versus current characteristics is plotted for different heatsinkemperature of about 18 °C when operated under cw condi-
temperatures. As shown in Fig(a3, the cw laser operation tions. This is in good agreement with the temperature in-
was sustainable up to a heatsink temperature of 70 °C. Therease determined from the shift in emission wavelength, at
temperature dependence of the threshold current densigur measured rate of 0.052 nm/K. For the total power dissi-
measured under pulsed and cw conditions for an2<800  pated under cw operation condition, this change in device
um ridge-waveguide laser diode device is shown in Fig.temperature corresponds to a thermal resistance of 23 K/W.
3(b). The temperature dependence of the cw threshold cur- The inset in Fig. 4 shows a lifetime measurement for a 2
rent yields a characteristic temperaturg of 81 K in the ~ wmXx800 um ridge-waveguide laser diode device operating
vicinity of room temperature. As expected this is somewhatunder cw conditions at 20 °C. During the measurement the
smaller than the characteristic temperature obtained unddight output of the laser diode was kept constant at 2 mW and
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100 ¢ T T T T T T 3 perature dependence quite well, and an activation energy of
. e P =2mW EA=0.50 eV*:0.05 eV is derivedleast-square fitfor 2 mw
a P°“‘ 5 mW e ] output power andE,=0.46 eV*=0.04 eV is derived for an
o= 2 M output power of 5 mW. Note that this finding is also in good
% 10k P ] agreement with previously obtained data from Nakarfura
b= : . A ] in which a similar activation energy was derived for long-
o : ] lived laser diodes exhibiting lifetimes of several 1000 h. Al-
& 7 ] T
£ 2200 ] though the activation energy seemed not to be strongly de-
:E'_> ¢ 5150/ pendent on the light output power of the laser diodes, the
= 1F A % 3 overall laser diode lifetime decreased significantly with in-
100 1 . . . . . . e .
g A creasing light output. This reduction in laser diode lifetime
S 50 2mw, 20°C { ] . i )
o ] when the device is operated at higher output power levels,
% 5 10 15 1 however, cannot be merely attributed to a temperature in-
o1 . . .  TME (hrs) crease. The increase in electric power dissipation, when the
27 28 29 30 31 32 33 34 laser light output is changed from 2 to 5 mW, results only in

a pn-junction temperature increase ofL K. This tempera-
ture increase is much too small to explain the drastic drop in

FIG. 4. Laser diode lifetimes measured at constant output powers of 2 anifetime for the higher output power. Therefore the light out-
5 mW vs the reciprocgbn-junction temperature. The dotted lines represent put power dependence of the laser diode lifetimes indicates

least-square fits to the experimental data. The inset shows the measurgdat the degradation mechanism is not 0n|y thermally in-
lifetime for a 2 umX800 um ridge waveguide laser diode under cw opera- guced but also photon assisted

tion at a heatsink temperature of 20 °C and a constant output power of
mw. In summary, we have demonstrated room-temperature

cw operation of InGaN MQW laser diodes grown on low-
dislocation-density substrates obtained by laterally epitaxi-

the operating current of the laser diode was recorded. For th v overarown GaN on saophire. The ridae-waveauide laser
first 13 h the operating current increased almost linearly angigdes e?(hibited ow threshporl)d cu.rrents asg,] low as %2 mA and
then started to degrade at a faster rate, while continuing t

. reshold voltages of 7.5 V. The emission wavelength was
lase after more than 15 h of operation. In order to study th%ear 400 nm with output powers greater than 20 mW per

influence of device temperature and light output power o o L :
P g put p I}acet. An empirical activation energy for laser diode degra-

the degradation rate of laser diodes, the lifetimes of a numbecfation was determined from temperature-dependent lifetime

of laser devices were measured for different heatsink tem-
measurements to be 0.50 €¥.05 eV for an output power
peratures and constant output powers of 2 and 5 mW. The
e . . . . of 2 mW.
lifetime in the measurement is operationally defined, as the

elapsed time until the laser operating curréotmaintain the |
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