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Abstract— Single-frequency, stable single-spatial-mode opera-
tion from large-aperture (40-60 pm) index-guided devices
is demonstrated from resonant antiguided phase-locked
InGaAs-InGaP-GaAs diode-laser arrays incorporating 2nd-
order distributed-feedback gratings (i.e., ROW-DFB arrays).
The devices operate in a single-spatial-mode up to 3.6 x
threshold, and truly single-mode (i.e., single-spatial-mode and
single-frequency) up to 2 x threshold. For 40 (60)-.m-aperture
10-element arrays, the beam pattern is in-phase and diffraction-
limited with 70% (75%) of the power residing in the main
lobe. Single-frequency operation is obtained from 9640-9652 A,
over a temperature range of approximately 20 °C, . Side-mode
suppression ratios >20 dB are recorded up to 2 X threshold.

I. INTRODUCTION

IGH-POWER, single-frequency, single-spatial-mode

diode lasers are of fundamental importance for many
applications such as coherent blue-light generation via
frequency doubling for high-density optical memories, parallel
optical-signal processing, free-space optical communications,
and high-speed, high-resolution laser printing.

Conventional, narrow-stripe (3-4 um), single-mode lasers
have demonstrated at most 200 mW of reliable power [1].
Output power has been limited by the degradation of the
facets and/or the onset of mode instability at high emitted-
power densities. For reliable watt-range output power, devices
possessing wide (>50 pm) emitting apertures are necessary.
However, single-stripe, large-aperture lasers are inherently
multimodal since the number of lateral modes within a sin-
gle stripe increases with aperture width. Recently, fanout-
type master-oscillator power-amplifier (MOPA) devices of
the “broad-area” type have displayed watts of diffraction-
limited, single-frequency power [2]-[5]. However, broad-area
MOPA devices possess inherent instabilities due to refractive
index variations induced by thermal gradients and injected
carriers [6]-[8]. The position of external spherical lenses
requiréd to achieve diffraction-limited, collimated beams is
drive dependent [2]-[4]. These facts may explain why there
have been no reliability data available for MOPA devices
after more than three years from commercial introduction.
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Therefore, there is a clear need for large-aperture devices with
strong built-in index guiding.

Previous attempts to obtain truly single-mode operation
(i.e., single-frequency and single-spatial-mode) from positive-
index-guided arrays employing distributed feedback (DFB)
[9]-[11] relied on the belief that the DFB grating would
provide (lateral) spatial-mode discrimination in addition to
(longitudinal) frequency selection. That is, because the ar-
ray modes adjacent to the fundamental mode correspond
to pairs of flat phasefronts tilted with respect to the array
axis, it was believed that the grating would act as a spatial-
mode discriminator. K.-Y. Liou ef al. [9] have demonstrated
12-element evanescent-wave-coupled arrays operating single-
frequency, but in beam patterns with lobewidths in excess
of 4 x diffraction limit (DL). Similarly, Miller et al. [10]
obtained lobewidths 3.6 X DL from 14-element evanescent-
wave-coupled devices, and Twu et al. [11] and Dong et al.
[12], while using five-element devices, obtained lobewidths
2.5-3 x DL. That is, for phase-locked arrays, DFB structures
do not, in general, act as (lateral) spatial-mode selectors.
Mawst et al. [13] achieved single frequency, in-phase-mode
operation from 10-element nonresonant antiguided arrays us-
ing Talbot filters to discriminate against out-of-phase modes.
However, lack of adjacent-mode discrimination resulted in
lobewidths 2 x DL. Only with the addition of a monolithic
spatial filter were Dong e al. [12] able to achieve diffraction-
limited spectra from evanescent-wave-coupled devices, but
from relatively small apertures (i.e., 18 pm).

The goal of this work has been to demonstrate stable
single-mode operation from large-aperture antiguided arrays.
In this Letter, we present preliminary results from the first
large-aperture (40—60 pm) index-guided diode lasers operating
both single-frequency as well as in a stable, single. spatial
mode. Unoptimized devices provide truly single-mode opera-
tion to 2 X threshold and 50 mW output power. The resonant
optical waveguide (ROW) array provides (lateral) spatial-
mode selectivity, while the DFB grating structure, placed in
close proximity to the active region, provides (longitudinal)
frequency discrimination. ROW arrays possess large built-in
index steps (An =~ 0.05) yielding a stable beam pattern essen-
tially invulnerable to index variations due to thermal gradients
and/or injected carriérs [14]-[16]. As previously shown, the
spatial-mode stability of such large-aperture devices has the
potential for watt-range coherent output powers [14]-[16]. In
addition, the concept is implemented in an aluminum-free In-
GaAs-InGaAsP-InGaP structure that eases device fabrication
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Fig. 1. (a) Schematic representation of ROW-DFB array. The lateral array

structure, designed such that the in-phase mode is resonant, provides spa-
tial-mode selection while the longitudinal 2nd-order DFB grating provides
frequency selection. 150-A-thick Ino o Gag g As quantum wells centered within
the GaAs guides provide interelement loss. (b) Energy band schematic of the
SL-SQW-SCH structure. )

and ensures long-term reliability. In contrast, fabrication of
AlGaAs-GaAs DFB structures has been a difficult problem
due to defects that occur while regrowing over inherently
oxidized aluminum-containing layers.

It should be noted that evanescent-wave-coupled devices
operating in-phase are generally limited to 5-7 elements [17]
because, in devices with excess gain in the low-index regions,
leaky modes are favored as the number of elements, N > 7.
Therefore, for large-aperture (> 50 pm) index-guided devices,
only antiguided arrays are a viable option.

II. DEVICE DESIGN AND FABRICATION

Epitaxial growth is performed in an Aixtron A-200 MOVPE
reactor at 700 °C and 50 mbar. A schematic representation
of the ROW-DFB array is shown in Fig. 1. A second-order
DFB grating (A = 3000 A) is defined holographically atop
the upper InGaAsP confinement layer. A lossy 150 A-thick
InGaAs quantum well is grown within a GaAs guide layer to
provide array-mode intermodal discrimination [14], [15]. The
array is formed by preferentially etching regions including the
GaAs (transverse) guide layer and InGaAs quantum well. -

The 40 (60)-um-aperture arrays demonstrated here consist
of 10 elements of 3 (5)-um-wide low-(effective)-index re-
gions, and 1-pm-wide high-index GaAs guide regions. The
array structures are designed such that the in-phase mode is
resonant. The InGaAs quantum well within the GaAs guides
provides interelement loss and effectively suppresses out-of-
phase modes [15], thus eliminating the need for Talbot-type
filters. The latter proved particularly troublesome in previous
DFB devices [13], since the presence of the grating in the
Talbot region prevented out-of-phase mode suppression.
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Fig. 2. Relative intensities of diffraction-limited, single-spatial-mode
far-field patterns for 60-pm-aperture devices at two drive levels. Iy is
the threshold current.

III. RESULTS AND DISCUSSION

All devices are 1000 ym long and have no facet coat-
ings. Diffraction-limited, far-field patterns for 60 pm-aperture
devices are obtained up to 3.6 x threshold (Fig. 2). The
diffraction-limited width of the main lobe is 1°, and 75%
of the output power resides in the main lobe. Fig. 3 depicts
the longitudinal-mode spectrum for various drive levels at a
heat-sink temperature of approximately —3 °C. At a threshold
current of 500 mA, single-frequency operation at 9586 A is
observed, with a side-mode suppression ratio of at least 25
dB. Single-frequency operation continues to twice threshold,
where the side-mode suppression ratio reaches 18-20 dB. Ad-
ditional longitudinal modes appear above twice threshold. DFB
performance has been confirmed by recording a longitudinal-
mode temperature dependence of 0.6 A/°C over a 20 °C-wide
range. The devices’ performance is thus truly single-mode.
Diffraction-limited, single-spatial-mode far-field patterns for
40 pm-aperture devices (up to 1.3 x threshold), and accom-
panying single-frequency-mode spectra were obtained at room
temperature, and are similar to those in Figs. 2 and 3, respec-
tively. Again, purely single-mode operation was observed. A
diffraction-limited beam width of 1.4° was measured, and 70%
of the output power resided in the main lobe. It should be noted
that the longitudinal-mode spectra in Fig. 3 were measured
near —3 °C, since grating optimization has not yet been
achieved. For these arrays, the gain peak is at A ~ 0.98 pym
while DFB action occurs in the 0.965-0.969 pm range.

A spectrally-resolved near-field pattern for the 40-pm-
aperture array is shown in Fig. 4. Single-frequency operation is
again confirmed, and array-mode spatial uniformity is evident.
The near-field uniformity reflects the parallel coupling in ROW
arrays. Because the gain is used uniformly within the active
region, high-order spatial modes do not appear, for 60-ym-
aperture devices, up to at least 3.6 x threshold, the highest
drive-level tested.

Typical thresholds were 500 mA for 60-pm-aperture, 1000-
pm-long arrays. For these preliminary devices, maximum
single-mode power for both types of arrays was only on the
order of 50 mW. The relatively high threshold currents can be
explained by the wavelength mismatch between the material
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Fig. 3. Single-frequency spectra for 60-pm-aperture devices at various drive
levels. The vertical scale is linear and represents the relative intensity.

Fig. 4. Spectrally-resolved near-field pattern of a 40-pm-aperture device.

gain peak and the DFB grating resonance. The low output
power reported can be attributed to two causes. First, the
devices were relatively long (1 mm), and therefore, hampered
by scattering losses. Second, since the second-order DFB
grating was not optimized, radiation losses are quite likely
to have diminished edge-emission lasing efficiency.
Improvements in device performance are therefore antici-
pated when the wavelength mismatch is minimized, and the
device length and grating duty cycle are optimized. Further-
more, although single-mode operation has been demonstrated
to twice threshold, the lack of facet coatings allows for the
possibility of two-mode operation [12]. Asymmetric facet
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coatings (i.e., AR + HR) must therefore be applied to achieve
maximum output power and insure single-frequency operation
in a longitudinally uniform device. Thus, dramatic increases in
coherent output power are expected with device optimization.

The use of ROW-DFB arrays removes the physical limita-
tions imposed on aperture width for in-phase evanescent-wave
coupled arrays. The ability to simultaneously satisfy both
lateral and longitudinal resonance conditions has been demon-
strated here for the first time for large-aperture (40-60 pm)
index-guided devices.
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