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Abstract—Simplified antiresonant-reflective-optical-waveguide
distributed-feedback semiconductor lasers based on Al-free
InGaAs–InGaAsP–InGaP materials are reported for the first
time. Devices with 6.5-�m-wide emitting apertures operate
single-frequency (� = 0.968 �m) and single-spatial-mode to
157-mW continuous-wave output power. The full-width at
half-maximum of the lateral far-field pattern is 4.5�, in excellent
agreement with theory. Relative intensity noise values as low as
�154 dB/Hz are measured between 500 MHz and 8 GHz.

Index Terms—Distributed feedback lasers, laser modes, semi-
conductor lasers.

I. INTRODUCTION

H IGH-POWER distributed-feedback (DFB) semiconduc-
tor lasers ( 0.98 m), with stable operation over a

wide temperature range, are attractive for pumping Er-doped
optical fiber amplifiers as well as for high-fidelity RF-analog
transmission. The radio-frequency (RF) optical link applica-
tion has the additional requirement of operating with low
relative intensity noise (RIN) so that the system noise is shot-
noise limited. The Al-free InGaAs–InGaAsP–InGaP material
system has been recently used to demonstrate record-high
performance in CW output power and total power conversion
efficiency: 10.6 -W continuous-wave (CW) [1], and 66%
[2]; from broad-stripe (100-m wide) diode lasers. For the
wavelength region of interest, 0.9–1.0 m, the advan-
tages of the Al-free material system over the conventional
InGaAs–AlGaAs-based materials have been well established
[1]–[3]: 1) lower device series resistance and 2) the low
surface oxidation of InGaP compared with AlGaAs, greatly
simplifies regrowth. Thus, novel index-guided laser structures
which require multiple growth steps, such as, phase-locked
antiguided arrays [4], triple-core antiresonant-reflective-optical
waveguide (TCA) structures [3], [5], and distributed feedback
(DFB) [6] lasers have been reported that exploit the advantages
of Al-free materials.

In this letter, we report the first demonstration of a novel
diode laser structure: the simplified antiresonant reflecting
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optical waveguide (S-ARROW) laser [7]; which also incor-
porates a distributed-feedback (DFB) grating. Conventional
ARROW-type diode lasers have previously demonstrated sta-
ble operation in a single-spatial mode to high-output powers
(0.5-W pulsed [8], 0.3-W CW [9]) from 4 to 6-m-wide
aperture devices. The ARROW-type structures exhibit a large
built-in lateral (negative) index step ( 0.05), which
provides mode stability to high-output power, as well as strong
discrimination against higher order lateral modes. In the S-
ARROW structure, the outer low-index reflecting region is
eliminated, proving a simpler structure with strong stability
against gain-spatial-hole burning. [7]

The complete laser structure is shown schematically in
Fig. 1. In the longitudinal direction, a second-order DFB
grating buried beneath the quantum-well active region pro-
vides single-frequency operation. The use of a second-order
grating provides first-order (surface) radiation losses which
enhance mode selectivity [10], and leads to a higher yield
of single-frequency devices. As described below, the use
of a lower grating (i.e., below the active layer) allows the
lateral antiguide (S-ARROW) structure to be fabricated by
etch and regrowth above the active layer. The lateral S-
ARROW waveguide consists of a central low-index core
region (6.5- m wide) surrounded by high-index quarter-wave
( , where lateral (projected) wavelength in high-
index regions) antiresonant reflecting regions [7]. As a result,
the fundamental S-ARROW (leaky) mode experiences low-
edge (lateral) radiation losses. At the same time, higher order
modes, which are not antiresonant, suffer excessive radiation
losses, preventing them from reaching laser threshold. An
above threshold analysis, previously reported [7], demonstrates
that the S-ARROW structure is virtually immune to gain-
spatial-hole burning (GSHB), allowing a single-lateral mode
to be maintained to drive currents in excess of 10threshold.
In addition, the S-ARROW structure is advantageous from a
fabrication standpoint, because of the relatively large parame-
ter window (in terms of lateral index step as described below)
over which single-mode operation can be obtained.

II. DEVICE STRUCTURE AND FABRICATION

The S-ARROW-DFB laser structure was grown by a three-
step low-pressure metal–organic chemical vapor deposition
(LP-MOCVD) process on a (100) 0.5-off toward (110) n -
GaAs substrate. The first growth consists of a 0.5-m-thick
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Fig. 1. Schematic view of the layered structure for the S-ARROW DFB
laser and lateral effective index variation.

n-InGaP lower cladding layer, into which a second-order DFB
grating with a grating period of 2880̊A and tooth height
of 750 Å is formed by using conventional holography and
wet chemical etching (HBr system). In the second growth
step, the InGaP grating is planarized (confirmed by TEM
crossections) with a 0.125-m-thick n-GaAs layer, followed
by a 0.3- m-thick n-InGaP spacer layer, and a 0.4-m-thick
InGaAsP ( 1.62 eV) separate-confinement heterostructure
(SCH) with a double-quantum-well (DQW) InGaAs-active
region, similar to those previously reported [1], [2]. Additional
layers consisting of a GaAs etch-stop layer, an AlInP current-
blocking layer, and the high-index (0.25-m-thick) GaAs
guide layer, as shown in Fig. 1, are grown above the SCH
region during the second growth step. The S-ARROW pattern
is then defined by conventional photolithography and wet
chemically etched, prior to the final growth step. The third
growth consists of a 1.5 m-thick p-InGaP upper cladding
layer and 0.25-m-thick p -GaAs contact layer. The resulting
lateral structure consists of a 6.5-m-wide low-index core
region, clad by high-index optical reflecting layers of width

( 0.85 m) and low-index terminations. The lateral
effective-index step is designed to be 0.046, so that
the reflector regions are antiresonant for the fundamental S-
ARROW mode. The injected current is self-aligned to the
low-index core region by the n-AlInP–GaAs reverse-biased
junctions (i.e., current blocking layers). The thicknesses of the
blocking layers are chosen such that the effective refractive
index in the outer low-index terminations is identical to
that in the low-index core region. Thus one obtains the
lateral effective-index profile shown in Fig. 1. After contact
metallizations are completed, 500-m-long devices are facet
coated (5%/95%) and mounted junction-side down on copper
heatsinks for CW testing.

Fig. 2. Calculated lateral radiation losses for the S-ARROW modes 2–4 as
a function of lateral index-step (�ne� ) corresponding to the structure shown
in Fig. 1.

The ARROW modes of the complete two-dimensional (2-D)
waveguide, formed by the layered structure shown in Fig. 1,
were analyzed using a rigorous transverse mode-matching
technique [11]. The dominant mechanism for high-order
mode discrimination in the ARROW structure is lateral
edge radiation losses. Fig. 2 shows the calculated mode-
dependent edge radiation losses versus the effective index
step, , for structures with 6 m (low-index core)
and 0.9 m (high-index reflectors). The antiresonant
point ( 0.046), corresponds to the minimum edge
loss for the fundamental S-ARROW mode (mode number 2).
The mode number corresponds to the number of intensity
nulls in the optical intensity profile [11]. It should be noted
that value of at antiresonance, determined by the 2-D
calculation, differs from that calculated [8] using an effective-
index approximation ( 0.01), assuming the reflector
width is equal to one-quarter lateral wavelength (i.e., ).
The large difference in edge losses (2.2 cmfor mode
2 versus 16 cm for mode 3) between the fundamental
mode and the high-order modes and negligible GSHB [7]
can effectively suppress the high-order modes, allowing the
device to operate to high-output power in a single spatial mode.
Fig. 2 also shows that large mode discrimination exists over
a wide effective-index step range, which demonstrates the
loose fabrication tolerances associated with the S-ARROW
structure.

III. D EVICE RESULTS

The measured CW single-frequency ( 0.968 m)
spectral characteristics at room temperature are shown in
Fig. 3, for injection currents of 300 mA (61 mW), 400
mA (127 mW), and 450 mA (157 mW), respectively. DFB
operation is confirmed from the measured spectral shift with
temperature (0.06 nm/C), with a coupling coefficient and
cavity length product of 1.5, estimated [12] from the
measured subthreshold spectra. At higher output powers, the
onset of multiple-longitudinal modes broaden the spectra.
Threshold currents are in the 100–125-mA range. Lower
threshold currents can be expected by optimizing the coupling
coefficient, since Fabry–Perot S-ARROW structures of similar
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Fig. 3. Measured spectral characteristics for the S-ARROW DFB laser as a
function of CW output power.

Fig. 4. Measured lateral far-field radiation pattern as a function of CW output
power for the S-ARROW DFB laser.

geometry have exhibited threshold currents as low as 20 mA.
The results in Fig. 3 represent record-high single-mode CW
output powers for DFB lasers in the 980-nm wavelength
region. Previously reported [6] Al-free index-guided DFB
lasers have operated to 58-mW CW output power.

The measured lateral far-field beam pattern as a function
of CW output power is shown in Fig. 4. Stable, fundamental
S-ARROW mode operation is observed up to the maximum
single-frequency CW output power, 157 mW. The FWHM of
the beam pattern at 157 mW is 4.5, in excellent agreement
with theory (4.5 for 6.5- m-wide core). Calculations indicate
that the asymmetrical shoulder observed on the measured
far-field, shown in Fig. 4, is due to a deviation of the pho-
tolithography alignment (0.2 m), which results in unequal
widths of the two quarter-wave reflectors. High-output-power,
single-mode operation is expected to result in low RIN, which
is desirable for RF-Photonic applications. RIN measurements
on the S-ARROW DFB lasers from 500 MHz to 8 GHz
indicate values as low as154 dB/Hz.

IV. CONCLUSION

Al-free InGaAs–InGaAsP–InGaP-based S-ARROW-DFB
diode lasers have been demonstrated by three-step MOCVD
growth. Devices operate CW with single-frequency and single-
spatial mode up to 157 mW output power. Measurements of
RIN between 500 MHz and 8 GHz yield values as low as154
dB/Hz. Higher output powers can be expected by optimization
of the , facet-reflectivities, and spectral gain-peak position
relative to the Bragg frequency.
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