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ABSTRACT Ridge-waveguide InGaAsN triple-quantum-well
strain-compensated lasers grown by metal organic chemical
vapor deposition were fabricated with pulsed anodic oxida-
tion. The laser’s output power reached 145 mW in continuous-
wave mode at room temperature for a 4-pum-stripe-width laser.
Continuous-wave single longitudinal mode operation was main-
tained at a high injection current level with a wavelength of
1287.3 nm at room temperature. Single longitudinal mode oper-
ation at 1317.2 nm was achieved at twice the threshold current
at 100 °C. The band gap of InGaAsN in the quantum wells
at different temperatures was calculated and compared to the
measured temperature-dependent laser wavelength.

PACS 78.55.Cr; 78.67.De; 81.15.Gh; 42.55.Px

1 Introduction

Semiconductor lasers at wavelengths around
1.3 um are widely used for fiber optic communications [1].
InGaAsP/ InP lasers are currently used for optical access and
interconnection systems, but these lasers exhibit a relatively
low characteristic temperature (7p) due to poor electron con-
finement [2]. The incorporation of nitrogen into InGaAs re-
duces the band-gap energy and allows emission wavelengths
as long as 1.3 wm [3-7]; this makes it possible to fabri-
cate low-cost, long-wavelength vertical cavity surface emit-
ting lasers (VCSELs) on GaAs substrates. InGaAsN lasers
also have a higher characteristic temperature than InGaAsP
lasers [3].

The performance of InGaAsN lasers significantly depends
on the laser structure and material quality. Normally, high
nitrogen content reduces the radiative recombination effi-
ciency. Therefore, higher indium content is used with lower
nitrogen content to reach the desired wavelength ~ 1.3 pm
and emission efficiency. However, a high indium content
causes a higher strain in the quantum-well (QW) structure.
A thin critical-layer thickness, and a limited number of quan-
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tum wells, are used in the active region. The use of strain-
compensated barriers in the active region helps to reduce these
constraints [8—12]. However, despite considerable effort the
device performance in InGaAsN quantum wells is not yet
satisfactory.

In addition to material quality, the laser performance can
also be further improved in the fabrication processes. A uni-
form and high-quality, current-blocking layer is a critical
component in the fabrication of semiconductor lasers. This
layer is usually deposited by plasma enhanced chemical va-
por deposition (PECVD). The fabrication process is relatively
costly and complicated. The pulsed anodic oxidation (PAO)
process is a simple and cost-effective method for the fabrica-
tion of optoelectronic devices [13]. It is also a self-alignment
process. The PAO process involves only one photolithog-
raphy step for the selective oxidation. Previously, PAO
was applied to quantum-well intermixing in GaAs/AlGaAs
and InGaAs/GaAs quantum-well and quantum-wire struc-
tures [14]. Recently, we have also reported a significant re-
duction of threshold-current density in InGaAsN QW lasers
fabricated with a PAO system [15, 16].

In this work, the PAO process was used to improve the per-
formance of ridge-waveguide InGaAsN lasers. We calculated
the interband transition energy in the quantum well as a func-
tion of temperature to quantify the temperature dependence of
the laser wavelength. However, the laser wavelength does not
actually correspond to the interband transition energy, but is
rather determined by the gain spectrum of the laser wafer and
the laser cavity modes. The temperature dependence of the in-
terband transition energy does provide useful information and
should follow the same trend.

2 Experiment

The wafer used in this work was grown by a metal
organic chemical vapor deposition (MOCVD) system. The
wafer structure is listed in Table 1. The active region con-
sists of three Ing 35Gag 65 ASp.985No.015 quantum wells (QWs),
each QW 6.4-nm thick, separated by 7-nm GaAs and 8-nm
GaAsp 32Po 13 barrier layers. The active region was symmet-
rically embedded in a 35-nm-thick undoped GaAs wave-
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Layer Remarks Thickness (nm) Doping (1 /cm3)
GaAs Contact layer 200 C, 1.4x 10"
Al,Gaj_,As x=0.5-0 100 C,5x 107
Aly5Gag sAs 900 C,5x10"7
Al,Gaj_As x=0-0.5 200 Undoped
GaAs 35 Undoped
GaAso 2P0 138 12 Undoped
GaAs 7 Undoped
III()A35 GaO.65ASQA985NoA015 6.4 Quantum well
GaAs 7 Undoped
GaAsy.82Po.13 8 Undoped
GaAs 7 Undoped
Ing.35Gag.65A80.985N0.015 6.4 Quantum well
GaAs 7 Undoped
GaAso 2P0 138 8 Undoped
GaAs 7 Undoped
Ing.35Gag.65A80.985N0.015 6.4 Quantum well
GaAs 7 Undoped
GaAsy.82Po.13 12 Undoped
GaAs 35 Undoped
Al,Ga;_,As x=0.5-0 200 Undoped

Alp 5Gag sAs 900 Si, 6 x 107
Al Ga;_,As x=0-0.5 100 Si, 5 x 107
GaAs Buffer layer 200 Si, 1 x 10'8
(100) GaAs Substrate Si, 1 x10'8
TABLE 1 Wafer structure of the InGaAsN strain-compensated triple-

quantum-well lasers

guide. A 1.2-um-thick Si-doped (6 x 10'7 cm™3) n-type
Al,Gaj_;As (x = 0-0.5) cladding layer was grown be-
tween the n-substrate and the active layer. A 1.2-pm-thick
C-doped (5 x 10'7 cm™3) p-type Al,Ga;_,As (x = 0-0.5)
cladding layer followed the active layer. A 20-nm-thick
pt (1 x 10" cm™3) GaAs cap layer was grown for ohmic
contact.

Photoluminescence (PL) measurements were performed
at 77 K and room temperature (20 °C) to find the band-gap en-
ergy of a QW. An argon-ion laser beam (the 514.5-nm line),
a spectrometer, and a thermo-electrically cooled InGaAs de-
tector connected to a lock-in amplifier were used for the PL
measurement.

The PL spectra of the laser structure are shown in Fig. 1.
The full width at half-maximum (FWHM) of 27.3 meV at
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FIGURE 1 Photoluminescence spectra of InGaAsN triple-quantum-well

laser structure at 77 K and room temperature (RT)

77K and 66 meV at room temperature indicates the wafer
quality.

After wafer cleaning, 4-pm photoresist stripes were first
patterned by standard photolithography. Then, the mesa was
etched in a solution of phosphoric acid, hydrogen perox-
ide, and deionized water. With the photoresist still on the
ridges, pulsed anodization was performed to form the current-
blocking oxide layer. The initial current density was set to
120 mA/cm? for the oxidation. The voltage-pulse duration
was 1 ms, the period was 12 ms, and the total anodization time
was 4 min. Figure 2 shows a typical cross-sectional scanning
electron microscopy (SEM) image of the InGaAsN laser fab-
ricated with pulsed anodic oxidation.

The wafer was thinned to ~ 100-pm thick. Ti/Au and Au—
Ge/Ni/Au layers were deposited by electron-beam evapora-
tion on the p-type and n-type sides, respectively, and annealed
to make the ohmic contacts. 1600 pm cavity length laser bars
were then cleaved and individual lasers were sawn. The laser
chips were bonded as p-side-down onto copper heat sinks with
indium [17].

The lasers were tested without facet coating in continuous-
wave (cw) mode. Output power versus injection current (P—1)
characterization of the laser was performed by using a cali-
brated InGaAs detector mounted in an integration sphere. The
laser was bonded on a copper-block heat sink and placed right
at the entrance of the integration sphere. The laser emission
spectra were measured in cw mode by using a spectrometer,
a Ge detector (cooled to —20 °C), and a data-acquisition sys-
tem. The resolution of the spectrometer was 0.025 nm. The
temperature of the laser was varied by a thermo-electric heater
from room temperature (20 °C) to 100 °C.

3 Results and discussion

The room-temperature cw P—I characteristic of
a 4 pum x 1600 um triple-quantum-well laser is shown in
Fig. 3. We stopped the measurement when the laser power
reached 145mW. The maximum slope efficiency was
0.36 W/A in the linear P—I region. Single longitudinal mode
operation was observed for output powers up to 46 mW,

Pulsed Anodic Oxidation

FIGURE 2 SEM image of the ridge-waveguide laser structure fabricated
with pulsed anodic oxidation system
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FIGURE 3 Room-temperature cw light output power versus injection cur-
rent for a 4 x 1600 wm ridge-waveguide InGaAsN laser diode fabricated with
pulsed anodic oxidation. Single-mode operation was maintained for laser
power up to 46 mW. The inset shows the lasing spectrum at an injection cur-
rent of 200 mA (46 mW). The lasers were not facet-coated, but were bonded
p-side down on copper heat sinks with indium

as shown in the inset of Fig.3. The FWHM was only
0.06 nm. The emission wavelength at a current of 200 mA
was 1287.3 nm. We also measured the emission spectra of
the lasers in cw mode at high temperatures up to 100 °C,
and observed single longitudinal mode emission. A typ-
ical high-temperature (100°C) spectrum from the 4-pm-
stripe laser is shown in Fig. 4, with an emission wavelength
of 1317.2nm. The output power of the device was up to
SmW.

As a comparison, lasers were fabricated by a conventional
method, where the current-blocking layer was SiO, deposited
by a PECVD instead of a PAO process [18]. The wafer was
from the same wafer as used in this work. The ridge width
was 2 pm and the laser cavity lengths were 400 um. The de-
vices were soldered p-side up onto a Si carrier tile and un-
coated. The threshold-current density was 1.95 kA /cm?. The
maximum cw output power was 18 mW from the laser. The
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FIGURE 4 Lasing spectrum of the 4-pum-stripe-width InGaAsN triple-
quantum-well laser at 100 °C

lasers were also fabricated by the same conventional method
(2-pm stripe width, 400-pm cavity length) from the three-
quantum-well wafer without strain-compensated GaAsP bar-
riers [ 18]. The threshold-current density was 2.2 kA /cm?. The
maximum cw output power was 12 mW from the laser. A laser
fabricated with PAO with a ridge width of 4 um and a cav-
ity length of 400 pum showed a threshold-current density of
1.25 kA /cm?. These PAO lasers were also unbonded and un-
coated, and were tested in cw mode. The maximum power
was 40 mW in a 400-pm-long laser. It should be pointed out
that ridge-waveguide lasers with narrower ridge width usu-
ally show higher threshold-current density and lower output
power, due to high lateral current leakage and smaller active
volume [19].

The material parameters of GaAs, GaN, InAs, and InN
at room temperature are given in Table 2. The temperature-
dependent energy gaps of binary alloys GaAs, GaN, InAs, and
InN is given by the Varshni relation [20]

aT?

Eg(T):Eg(Tzo)——T_i_ﬂ,

M

where « and B are constants and their values are listed in
Table 2.

The calculated temperature-dependent interband transi-
tion energy of the InGaAsN triple-quantum-well laser and
the measured lasing wavelength of the laser are shown in
Fig. 5. The emission-wavelength shift with temperature was
0.42nm/°C, which was affected by the temperature depen-
dence of the band gap (0.54 nm/°C). When the tempera-
ture was increased, the emission wavelength was linearly
increased.

For comparison, the room-temperature PL peak wave-
length is also shown in Fig. 5, which agrees with the cal-
culated interband transition energy. According to previous
studies [29], carriers are localized at low temperature (<

GaAs GaN InAs InN Units
ag 5.6533%  4.46° 6.0583*  5.024 A
cil 11.92 29.6° 8.329*  18.4° x 10! dyn/cm?
c1n 5.382 15.4° 4526 1164 x 10! dyn/cm?
dEg/dP 11.32 32.0° 10.22 22.0f x 1076 eV /bar
b —1.72 —267° —1.8 —2.67° eV
me 0.0632¢  0.13° 0.0213*  0.14¢ My
Mpn 0.5% 0.806"  0.517*  0.8¢ My
min 0.088%  0.205>  0.024*  0.19¢2 My
A, 0.34% 0.011* 0412 0.0068 eV
E, (T=0K) 15190 3.3° 0.422 1.94¢ Y
o 0.5405*  0.593"  0.25° 0.245"  meV/K
B 2042 600" 75% 624" K

4Reference [21];
bReference [22];
“Reference [23];
dReference [24];
Reference [25];
fReference [26];
gReference [27];
hReference [28]

TABLE 2 The room-temperature material parameters of GaAs, GaN,
InAs, and InN used in the numerical calculations



Applied Physics A — Materials Science & Processing

1330 T T T T T T T T T T T T
t Triple quantum well J
1320 |- CW, uncoated R
1310 |4um x 1600pm ]
E 1300 - Lasing Wavelength E
£ 1290 [ (data) 1
c:) 1280 I PL peak I(:therban)d transition energy
° B eory ]
¢ 1270 o
© F ]
= 1260 .
1250 - B
1240 I L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L |
40 -20 O 20 40 60 80 100 120 140

Temperature (°C)

FIGURE 5 The calculated interband transition energy (solid line) of the
InGaAsN triple-quantum-well laser and temperature-dependent lasing wave-
length of 4 x 1600 um InGaAsN triple-quantum-well laser. For comparison,
the room-temperature PL peak wavelength is also shown

90K). An S-shaped temperature dependence is observed.
From [30], the emission wavelength as a function of oper-
ating temperature is linear. From our observation, we can
conclude that the relation between the transition energy and
the temperature is linear within an operating temperature of
20-80°C.

4 Conclusions

In conclusion, pulsed anodic oxidation was ap-
plied to the fabrication of ridge-waveguide InGaAsN triple-
quantum-well strain-compensated lasers grown by MOCVD.
Laser output power reached 145 mW in cw mode at room
temperature from the 4-pm-stripe-width lasers. Continuous-
wave single longitudinal mode operation of 4-pm-stripe-
width lasers was maintained up to 46 mW with a wavelength
of 1287.3 nm at room temperature. In addition, single longi-
tudinal mode operation at 1317.2 nm was achieved at twice
the threshold current at 100 °C. The lasing wavelength as
afunction of temperature was measured and simulated; a good
agreement between the trends was obtained.
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