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0.45 W diffraction-limited beam and single-frequency operation from
antiguided phase-locked laser array with distributed feedback grating
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A second-order diffraction grating placed below the active region of a phase-locked resonant
antiguided array selects the in-phase array mode in addition to its role as a single-longitudinal-mode
selector. This type of array-mode discrimination relies on the fact that the resonant in-phase array
mode has significantly better field overlap with the grating region than nonresonant array modes.
Furthermore, it eliminates the need for a conventional array-mode discriminator: interelement loss;
which can cause self-pulsations. Diffraction-limited beam and single-frequency operation is
obtained to at least 0.45 W peak pulsed power from 20 element, InGaAs/InGaP/GaAs structures
(l50.97mm) of 120-mm-wide aperture. Distributed-feedback operation is confirmed over the
20–40 °C temperature range. The results are in good agreement with theory. ©1998 American
Institute of Physics.@S0003-6951~98!02531-5#
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The ability to produce high-power, single-frequenc
single-spatial-mode light sources is of fundamental imp
tance to applications such as coherent free-space op
communications, blue-light generation via frequency do
bling, midinfrared light generation via parametric frequen
conversion, and low-noise sources for high-fidelity rf optic
links. Large-aperture~>100mm! devices such as the fanou
type master-oscillator power amplifier~MOPA!1 and thea-
distributed-feedback~DFB! laser2 have displayed high
diffraction-limited, single-frequency powers. However, su
devices, having weak or no lateral-mode confinement, p
sess inherent instabilities,3–6 thus raising serious issues o
long-term stability and reliability. Therefore, there is a ne
for coherent large-aperture devices which not only se
fundamental-mode operation but also maintain a stable m
to high drive levels.

As in the case of single-element devices, large-aper
emitters can achieve lateral-mode stability only by introd
ing strong built-in index guiding (Dn>0.01). Resonant an
tiguided diode laser arrays~ROW arrays!7 with 100–200-
mm-wide apertures have demonstrated the ability to ope
in-phase with stable, diffraction-limited or near-diffractio
limited beams to record-high pulsed and cw outp
powers.7–10 Such performances are due primarily to the d
vices’ high effective-index step (Dneff;0.05) and inherent
stability against multimoding via gain spatial hole burni
~GSHB!.11 Discrimination against higher order spatial mod
is usually provided by placing loss in the high effectiv
index interelement regions,7 in turn suppressing modes wit
significant interelement field. However, it has been show12

that the presence of interelement loss could trigger s
pulsations due to saturable absorption at high power lev
Therefore, in order to assure stable, coherent high pow

a!Electronic mail: botez@engr.wisc.edu
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from antiguided arrays, there is a need for a novel spat
mode selector that does not rely on interelement loss.

Here we present the first experimental proof of t
concept13 that a DFB grating placed below the active regi
of a ROW array selects both a single longitudinal mode
well as a single lateral mode. Specifically we obtain pu
stable single-mode operation to at least 0.45 W peak pu
power from 20 element, 120-mm-aperture devices.

A schematic representation of the ROW-LDFB structu
is shown in Fig. 1. The structure is Al free, thus allowing f
easy regrowths over gratings14 for longitudinal-mode con-
trol, and over patterned structures9 for lateral-mode stabiliza-
tion and control. All layers are grown by low-pressure m
alorganic chemical vapor deposition~LP-MOCVD! at
around 700 °C. After growing a 0.5-mm-thick n-InGaP clad-
ding layer on the GaAs substrate, a second-order sinuso
DFB grating, with a tooth height of 75 and 300 nm period,
made by holographic interference and wet chemical etch
A GaAs ‘‘grating’’ layer is then formed by regrowth. Th
rest of the regrowth consists of a 325-nm-thickn-InGaP
spacer layer, a separate confinement heterostructure~SCH!
incorporating 200-nm-thick InGaAsP (Eg51.62 eV) optical
confinement layers surrounding two 7-nm-thick In0.2Ga0.8As
quantum wells, a 150-nm-thickp-InGaP spacer layer, and
180-nm-thick GaAs layer. The high effective-index intere
ment ~array! regions are then defined by wet chemical etc
ing of the GaAs layer and regrowingp-InGaP@Fig. 1~b!#. As
a result a lateral effective-index step of 0.026 is obtain
between the interelement and element regions of the ar
The second regrowth consists of a 1-mm-thick p-InGaP layer
and a 0.2-mm-thick p1-GaAs cap layer. 20-element arrays
two different values for the element width,d: 4.0 and 4.5
mm; were studied. In both cases the interelement width,s, is
1.5 mm, which corresponds to the resonance of the in-ph
mode.7

The modal behavior for ROW arrays has been pre
© 1998 American Institute of Physics
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FIG. 1. Schematic representation of ROW-LDFB device:~a! 3D view; ~b!
cross-sectional view for an array of 4-mm-wide elements. A second-orde
DFB grating (L5300 nm) is etched into then-InGaP cladding layer prior
to the first regrowth.

FIG. 2. Difference in threshold-current density,DJth , between the closes
nonresonant mode and the in-phase resonant mode as a function o
grating phase with respect to the AR-coated and HR-coated facets;uAR and
uHR , respectively. The array has 20 elements, 3%/95% facet-coating re
tivities, and is 350mm long.

Downloaded 21 Dec 2006 to 128.104.30.229. Redistribution subject to AI
ously discussed in detail.7 Array modes~i.e., spatial modes!
are named according to the number of intensity nulls. F
20-element arrays, in addition to the desired in-phase a
mode 38, the competing spatial modes are the upper
lower out-of-phase modes 57 and 19, and the upper
lower adjacent modes 39 and 37. In the element regions
field in the transverse direction is mainly located in the SC
structure@see Fig. 1~b!#, while in the interelement regions th
field is located primarily in the high-index GaAs passi
guides.

For DFB laser structures the grating is typically plac
above the active region at the upper confinement interf
for ease of regrowth and fabrication. For such configuratio
however, both element and interelement fields would sign
cantly overlap the grating interface. As a result, all arr
modes would couple nearly equally to the grating. Howev
when the grating is placed below the active region, as sho
in Fig. 1~b!, coupling of the interelement field is insignifi
cant, and the percentage of optical feedback for a given a
mode depends on the percentage of its field intensity in
element regions.13 Because only the resonant in-phase ar
mode has virtually all its field in the element regions,7 it
follows @see Fig. 1~b!# that it couples strongest to the gratin
compared to the other array modes. Therefore, a DFB gra
placed below the active region acts simultaneously a

the

c-

FIG. 3. Characteristics of 20-element, 3%/95%-coated 110-mm-aperture de-
vices: ~a! Diffraction-limited ~DL! far-field beam patterns up to the 0.4 W
power level. I th is the threshold current;~b! spectra at 2 A~i.e., 0.3 W
output! as a function of heat sink temperature.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



a
ti-
f

-
de
s
ts

n
ry

d

la
ig
e
-
fi
o

tio

e

a

re-
t
re.
FB
is

a
5
l-

°C

B
ble,
-
le

f a
ray-
op-
ti-

the
ge

S-

c.

h,
on-

.

s

ett.

D.

rry,

.

ics

ers

m

589Appl. Phys. Lett., Vol. 73, No. 5, 3 August 1998 Nesnidal et al.
single-frequency- and in-phase-mode selector.
The intermodal discrimination is shown in Fig. 2 for

20-element ROW-LDFB array structure with 3%/95% an
reflective~AR!/high-reflective~HR! coatings. The details o
the calculation are presented elsewhere.13 The difference in
threshold-current density,DJth , between the lower out-of
phase mode~i.e., mode 19! and the in-phase resonant mo
~i.e., mode 38! is plotted as a function of the grating phase
uAR and uHR; at AR-coated and HR-coated cleaved face
respectively. (Jth lies in the 325– 475 A/cm2 range.! In-
phase-mode operation is favored for all cleave locatio
Single-longitudinal-mode operation occurs virtually eve
where, the exceptions being three degeneracy points
(uAR ,uHR)5(p/4,p/4), (p/4,3p/4), and (3p/4,p/4);
where in-phase-mode operation is obtained in two longitu
nal modes. The maximum discrimination,DJth , is 21 A/cm2.
Even though the amount of intermodal discrimination is re
tively small, single spatial-mode operation is assured to h
powers due to the immunity of the resonant in-phase mod
multimoding via GSHB.11 More specifically, since the reso
nant in-phase mode has a uniform near-field intensity pro
it uses all available gain, preventing other array modes fr
lasing at high drive levels.11

Preliminary experimental results under pulsed opera

FIG. 4. Characteristic of 20-element, 3%/30%-coated 120-mm-aperture de-
vices:~a! Diffraction-limited ~DL!, far-field beam patterns up to the 0.45 W
power level;~b! spectra at 0.45 W output as a function of heat sink te
perature.
Downloaded 21 Dec 2006 to 128.104.30.229. Redistribution subject to AI
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~5-ms-wide pulses, 2 kHz repetition rate! from 20-element
ROW-LDFB devices are shown in Figs. 3 and 4. In Fig. 3 w
show the beam patterns and spectra from a 500-mm-long
device with 3%/95% facet coatings. The device emits in
diffraction-limited ~0.55°! beam pattern@Fig. 3~a!# from a
110-mm-wide aperture, to 0.4 W peak power and 53 thresh-
old at 2.5 A drive current. Single-frequency operation is
corded to 0.4 W as well. Figure 3~b! displays the spectrum a
a 2 A drive current as a function of heatsink temperatu
The temperature dependence is 0.6 Å/°C, confirming D
behavior. The fact that only one longitudinal mode lases
validated by the fact that the longitudinal-mode spacing~i.e.,
2.2 Å from theory and subthreshold spectra! is significantly
larger than the spectrometer-limited spectral width~;1 Å!.
In Fig. 4 we show the beam patterns and spectra from
750-mm-long device with 3%/30% facet reflectivities. 0.4
W diffraction-limited power is obtained, with 75% centra
lobe energy content@Fig. 4~a!#. At the 0.45 W power level
single-mode DFB action is confirmed over the 20–40
temperature range@Fig. 4~b!#.

These preliminary results confirm that the lower DF
grating selects both a longitudinal mode as well as a sta
lateral mode. Various optimizations~e.g., adjusting the de
vice grating coupling for maximum output power in a sing
longitudinal mode!14 should allow for cw operation in a
stable, diffraction-limited beam to watt-range powers.

In conclusion, we present the first demonstration o
phase-locked array for which a DFB grating acts as an ar
mode selector. Single-frequency and single-spatial-mode
eration are achieved to 0.45 W peak power from unop
mized devices. Therefore, ROW-LDBF arrays have
potential for stable beam, reliable operation to watt-ran
coherent powers.

This work was supported by NSF under Grant No. EC
9522035.
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