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Molecular-beam-epitaxy growth of high structural and optical-quality InGaAsN/GaAs quantum
wells (QW) has been investigated. The material quality can be improved significantly by using
low-temperature growth to suppress the phase separation. High-performance ridge-waveguide
INGaAsN/GaAs single QW lasers emitting at B have been demonstrated.
Infinite-cavity-length threshold-current density of 400 A/grimternal quantum efficiency of 96%,

and a slope efficiency of 0.67 W/A for a cavity lendtlkk1 mm were obtained. A TO46 packaging
laser shows single lateral-mode kink-free output power of more than 200 mW with a maximum total
wallplug efficiency of 29% at room temperature under continuous Wewg operation. Moreover,

1.3 um InGaAsN/GaAs QW vertical-cavity surface-emitting lasers with a threshold current density
lower than 2 KA/cm at room temperature have been achieved. We obtained multimode cw output
power and slope efficiency in excess of 1 mW and 0.15 W/A, respecti@B004 American
Vacuum Society.DOI: 10.1116/1.1807839

[. INTRODUCTION AlGaAs/GaAs Bragg mirrors have a high index contrast as

1.3 um vertical-cavity surface-emitting lase(¥CSELS well as good thermal conductivity. Temperature stability of
are promising transmitter devices for short and midrange op"GaAsN lasers has been shown to be superior to that of InP
tical networks because these lasers can be used for standdi@sed laser$] but the absolute values of their threshold cur-
single-mode and multimode silica fibers. The primary chal-ent densities are still high, due to crystal defects formed by
lenge in making a 1.3um VCSEL has been the integration the phase separation of nitrogen incorporation. This makes
of high-reflectivity distributed Bragg reflecto(®BRs) with ~ quantitative comparison difficult. In this article, we report
a suitable active region. A single-mode VCSEL emittingour recent results in the development of an InGaAsN-based
more than 2 mW cw power near 1;8n has been presented approach to long-wavelength GaAs lasers grown by
by Jayaramaret all using a double wafer-fused structure molecular-beam epitax¢MBE) under low growth tempera-
consisting of an InP-based active region combined withures. These temperatures can suppress nonradiative
AlGaAs DBR mirrors. Recently, progress in developing ac-recombination defects formed during nitrogen incorporation.
tive regions that can be grown directly on a GaAs substratn infinite-cavity-length  threshold-current density of
has resulted in room-temperature cw operation of monolithi400 A/cn? was obtained for the 1.3m ridge-waveguide
cally grown 1.3um VCSELs using either InGaAsN or nGaAsN/GaAs single-quantum-welBQW) edge-emitting
GaAsSb quantum well§QWs) or InAs quantum dot&®  |asers. The internal quantum efficiency of 96% and the slope

efficiency of 0.67 W/A with a cavity length oE=1 mm
¥Electronic mail: jswang@cycu.edu.tw were obtained. The cw kink-free output power of the single
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lateral-mode laser is more than 200 mW with a maximum
total wallplug efficiency of 29%. Moreover, 13m VC-
SELs with a threshold current density lower than 2 KAfcm

at room temperature have been achieved. To the best of our
knowledge, this is the lowest value ever reported for
INnGaAsN/GaAs QW VCSELs. Multimode cw output power
and slope efficiency are higher than 1 mW and 0.15 W/A,
respectively.

In, ,,Ga, ,As/GaAs SQW

II. INnGaAsN/GaAs SQW GROWTH

Intensity (a.u.)

The structures were grown am type (1000 GaAs sub-
strates using a Riber Epineat solid-source MBE. An EPI-
Unibulb radio-frequencyrf) plasma source was used to sup-
ply active nitrogen species from ultra-pure, as. The
intensity of the plasma can be controlled by the rf power and
the flow rate of N. A photodetector was employed to mea-
sure the plasma-light intensity based on the photodetector
voltage Vopt: A mechanical gate valve located between the e C
growth chamber and plasma cell was used to control the -8000  -6000  -4000
irradiation of the nitrogen beam during the growth of In- Diffraction angles (arc-second)

GaAsN QW "f"yers' The indium ar.]d gallium Were.su.ppIIEdFlG. 1. X-ray diffraction spectra of InGaAl)/GaAs SQW samples. The
from conventional Knudsen effusion cells. Arsenic in thesolid curves are experimental results, while the dotted curves are the results
form of As, was supplied from a cracker source. The low- of best curve fitting using the dynamic simulation software.

growth temperature of around 420 °C measured by a pyrom-

eter was used in InGafd) SQWs to suppress the phase

separatiofiwhile the growth temperature of GaAs layers washeterointerfaces are achieved in the InGaAsN/GaAs SQW
600 °C. Two samples with 2.2% nitrogen content and with-samples due to their smaller lattice mismatch.

out nitrogen content were grown while keeping the indium  Figure 2 shows the room-temperature PL spectra of the
and gallium cell temperatures constant to give a 34% indiumnGaAgN)/GaAs SQW samples. As can be seen, the PL
and 66% gallium composition. To remove the defects causegeak wavelength shifts from 1.13 to 1.p4n with nitrogen

by low temperature growth, 10 min situ700 °C annealing at a concentration of 2.2%. This result confirms a band-gap
was used after a GaAs cap layer was grown. The surfacgowing effect due to the incorporation of nitrogen. Note that

morphology during growth of InGaAsN QWs was monitored the integrated PL intensity is improved with nitrogen incor-
in situ by reflection high-energy electron diffraction. X-ray

diffraction (XRD) was carried out with a Bede four/crystals/
high-resolution x-ray diffractometer. The indium and nitro- 1.2
gen compositions of InGaAsN SQWs were determined by L RT In, ,Ga, ., As QW

fitting the XRD spectra using commercial dynamic- -=In,Ga As N QW
simulation softwarg RADS). PhotoluminescencéPL) data 1.0

was obtained using an argon-ion laser and a THR 1000 spec-
trometer with an InGaAs photodetector.

Figure 1 shows the normalized XRD spectra of the
INGaAgN)/GaAs SQW samples. The solid curves are ex-
perimental results, while the dotted curves are the results of
best curve fitting using RADS. The fitted indium composi-
tion was obtained from an InGaAs/GaAs SQW, and then the
fitted nitrogen composition was obtained by assuming the 044 !
indium composition was the same. As can be seen in Fig. 1, !
nitrogen incorporation shifts the XRD peak of the SQW to- | !
ward the substrate peak, which indicates a reduction of the 0.2 / \
lattice mismatch. Note that the full width at half maximum | L / 1

4
;- /I 1

Ino.uGamAs N__.J/GaAs SQW

0.978° "0.022
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08+
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PL intensity (a.u.)

(FWHM) of the SQW peak in the InGaAsN/GaAs sample is
smaller than that of the InGaAs/GaAs sample. Further-
more, the fringe features from the GaAs caps in the
InGaAsN/GaAs sample are clearer and have better fitting
results than the InGaAs/GaAs sample. This shows that flattefic. 2. Room-temperature PL spectra of InG&A) GaAs SQW samples.
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Fic. 4. Reciprocal differential efficiency vs cavity length for
Fic. 3. Threshold current density versus reciprocal cavity length for1.3 um InGaAsN lasers.
1.3 um InGaAsN lasers.

to the highest power recorded. Threshold current and differ-

poration, which may be due to the reduction of defectsgptial efficiency are 22 mA and 62%, respectively. The
caused by reducing the lattice mismatch. This indicates thgf,aximum value of 210 mW of single-mode output power is

the optical quality of InGaAsN QW can be improved signifi- |imjted by thermal rollover. To the best of our knowledge,
cantly by using low-temperature growth to suppress the

phase separation. However, the FWHM increases most likely

due to the composition fluctuation of the InGaAsN alloy. 30 : . : : —250 40
TO46, HR/AR, L =1 mm
I, =22mA {35

th
lll. RIDGE-WAVEGUIDE SQW EDGE-EMITTING [ WRT sE=acowia
LASERS -

The lasers consisted of a 1u8n-thick n-doped
Al Ga 7As cladding layer, a 6.5-nm-thick
INg 3/G& 66AS0.978N0 022 SQW embedded in an undoped
GaAs waveguide, a 1.am-thick p-doped A} sGa, ;As clad-
ding, and ap* GaAs contact layer. Growth temperature was
700 °C for the cladding layer and 420 °C for the InGaAsN wé%agﬂ'?o ,
QW layer, respectivelyln situ annealing was done during . . . I“m ,
the cladding-layer growth. A ridge waveguide of3n width 0 100 200 300 400 500
was fabricated by a double-channel ridge-waveguide self-  (a) Current (mA)
aligned process. Ti/Pt/Au and Ni/Ge/Au were deposited for
p and n contacts, respectively. The pulsed measurements Lateral
were performed under a pulse width ofus and a repetiton | e Vertical
rate of 10 KHz. [=450mA 7\

Figure 3 shows the threshold-current density versus the :
reciprocal cavity length for 1.2m InGaAsN/GaAs SQW
lasers. The infinite-cavity-length threshold-current density is
400 A/cnt. The dependence of the reciprocal differential ef-
ficiencies on the cavity length is shown in Fig. 4. As can be
seen, an internal quantum efficiency of 96% with an internal
loss of 4.5 cm* and a slope efficiency of 0.67 W/A for a
cavity length ofL=1 mm were achieved. Figuré& shows -40-30 20 -10 O 10 20 30 40
cw operation of the ridge-waveguide laser diode after antire- (b) Angle (degree)

flection (AR)/high-reflection (HR) facet coating, bonding,
ﬁue. 5. (a) Output power and wallplug efficiency vs current under cw op-

and.paCkagmg n a TOA46 can. The IaSIr.]g SpeCFrl.Jm .ShOWS Ieration for a HR/AR coating 1-mm-long InGaAsN laser with TO46 package.
the inset. The far-field patterns under different injection cur—pe inset shows the lasing spectrufb) Far-field patterns under different

rent, as shown in Fig.(6), shows single-mode operation up injection current.
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_IT 1 I Intra-cavity
metal contacts
f 3
AlGaO
\ p-GaAs
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[T N
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£ = n-GaAs
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o £
WL 4
11 GaAs/Al) ,Ga, As
i \ GaAs substrate
2 1 " 1 M 0
4000 6000 8000 10000 Fic. 7. Schematic of a fabricated intracavity-contacted VCSEL.

Z (nm)

Fic. 6. Schematic of the E-field intensity and refractive index profile around . . ) .
the microcavity of intracavity-contacted VCSEL. vices driven atly, are shown in the inset. The lasing wave-

length was 1304 nm. Note that light disappears in the left
o ) . corner of the pattern due to the misalignment of preetal
this is the highest value ever reported for single-mode:ontact. The threshold current is 4 mA and the correspond-

1.3-um-range lasers based on GaAs substrates. ing voltage is 2.5 V. A computer simulation of the near-field
pattern, taking into account the current-spreading nonunifor-
IV. VCSELs mity, shows that lasing occurs at a threshold current density

The active region of the VCSEL structure consisted ofbelow 2 KA/cn?. To the best of our knowledge, this is the
two 6-nm-thick InGaAsN QWs containing 34% indium and lowest value ever reported for InGaAsN/GaAs QW VCSELs
2% nitrogen, separated by a 12-nm-thick GaAs layer. Poingmitting at 1.3um. As can be seen in Fig. 8, the room-
defects formed during growth at such low temperatures weréemperature output power is more than 10 mW with an ini-
removed by annealing at 750 °C for 10 min after depositiortial slope efficiency of 0.20 W/A under pulsed operation.
of a 55-nm-thick A} odGa, o,AS current-confinement aperture CW output power exceeds 1 mW with an initial slope effi-
layer. To target high-frequency operation and avoid freeciency of 0.15 W/A. In spite of the high quality of the active
carrier absorption imp-doped materials, we chose an intra- region, the device performance is limited by the thermal
cavity contacted configuration with undoped AlGaAs mirrorsheating. We believe that significant improvement in VCSEL
and a conventionalp-i-n) diode design inside the cavity. Performance can be achieved with further optimization of the
The schematic of the electric-field intensity and refractive-VCSEL structure design and processing procedure. The tem-
index profile around the microcavity is shown in Fig. 6. The perature dependence of the threshold current is shown in Fig.
total thickness of the Ca\/ity was\51888 nnj. An undoped 9. The minimum threshold current is well below room tem-
core GaAs layer of 1 (377.6 nm thickness contained the perature. This fact indicates nonoptimal detuning of the gain
active region of two InGaAsN QWs. Beryllium and silicon
were used ap- andn-type dopants, respectively. Three thin
GaAs layers heavily doped with beryllium were located at i
the minima of the optical field to reduce serial resistance and 3 i
improve current-spreading uniformity. The top and bottom
mirrors consisted of 25 and 33 pairs of AGa, ;As/GaAs 4r
layers, respectively. After epitaxial growth, the VCSELs
were fabricated into electrically injected intracavity con-
tacted devices, as shown schematically in Fig. 7. A two-step
mesa pattern with diameters of 20 and &, respectively,
was defined on the wafer surface by using dry etching. Next,
the Aly odGay g AS aperture layer was selectively oxidized at 1|
420 °C. Finally, intracavity metal contacts were deposited by oW e i e 1 ]
e-beam evaporation using a lift-off process. " v T Wevelenahm

Figure 8 shows light-current-voltage curves of a VCSEL 0 5 10 15 20 25 30 35 40 45 50 55 60 65
with an 18um aperture. An oxide aperture diameter of Current (mA)

18 ’(.Lm Wa_S determined by an optical m_mroscope on the t_es 1G. 8. Room-temperature light-current-voltage curves of An8 VCSELs
devices without the top DBR prepared in the same oxidatioRyith an 18,m aperture. The inset shows the near-field pattern and optical
run. The near-field pattern and optical spectrum of the despectrum of the devices driven k.
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VT 1T waveguide INnGaAsN/GaAs SQW edge-emitting laser, which
18 —e—cw indicates the high quality of the InGaAsN/GaAs active re-

| —o— Pulse ] gion. The RT-cw kink-free output power of a single lateral-
16_' ] mode laser is more than 200 mW with a maximum total
wallplug efficiency of 29%. Moreover, 1.8m VCSELs

with a threshold current density less than 2 KA famported

for an InGaAsN/GaAs active region at room temperature
r 1 under cw operation has been demonstrated. We have demon-
L i strated multimode output power and slope efficiency in
excess of 1 mW and 0.15 W/A, respectively.

= a4
BN
T
1

=] N R 0] o o N
T — T
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