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Abstract: High-power ridge-waveguide tapered InGaAs-AlGaAs lasers emitting at 980nm were fabricated. Lasers

with a total length L =1850pm and different lengths of the ridge waveguide L., were processed to study the influ-

ence of the straight section on the spatial mode filtering. When L, is 450um.the devices have the optimized maxi-

mum output power and beam quality,and the output power P is 4. 28W. The beam propagation ratio M?* is 3. 79 at

1W.
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1 Introduction

Erbium-doped fiber amplifiers (EDFAs) are
important devices in dense wavelength-division
multiplexing (DWDM) systems. 980nm pump la-
ser diodes have been identified to be practical
pump sources for EDFAs. There is a growing de-
mand for 980nm pump lasers with high output
power and nearly diffraction-limited beam quality
to obtain high brightness. Ridge-
waveguide diode lasers at 980nm with output pow-

in order

ers below 500mW cannot meet this demand. Broad
area (BA) devices at 980nm with an output power
of several watts suffer from poor beam quality
with M?*>>10. Taking into consideration the de-
mand for low-cost fabrication, ridge-waveguide
tapered lasers are a promising concept for nearly
diffraction-limited beam quality at high output
powers.

Ridge-waveguide tapered lasers consist of a
straight index-guided section formed by a ridge
waveguide (RW) section and a gain-guided taper-
ed section. Light with a single mode is emitted
from the RW section and amplified in the tapered
section. The power density of the facet can be re-
duced, and the effect of self-focusing can be

[1]

weakened ' . Figure 1 shows the profile of a ridge-

waveguide tapered laser.
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Fig.1 Schematic two dimensional view of a tapered
laser

In 1993, ridge-waveguide tapered lasers at
980nm with nearly diffraction-limited beam quali-
ty at Po. = 3. 2W were first reported by Kintzer
et al." . Therefrom, tapered lasers with GaAs
base and M? <<4 were reported” % . Long wave-
length taper lasers with nearly diffraction-limited
beam quality at 1W were also reported in the past
few years'’ ™
the optimization of the length of the RW section
with the goal of high output power together with

. However, few works focusing on

better beam quality have been reported besides
those by Donnely et al. (1998)"" and Sumpf
et al . (2003,

In this paper,we first report on 980nm taper-
ed lasers with optimized structure. Devices opti-
mized concerning maximum output power and ex-
cellent beam quality reach a beam propagation
factor smaller than 3. 79 at an output power of P
=1W.

(©2007 Chinese Institute of Electronics
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2 Device structure and fabrication

The devices were fabricated from a strained-
layer graded-index separate confinement hetero-
( GRINSCH ) InGaAs-AlGaAs
structure grown by low-pressure metal organic
chemical vapor deposition (MOCVD). The thick-
ness and composition of the layers are given in
Table 1.

structure laser

Table 1  Thickness and composition of the epitaxial
layers
GaAs 0.2pm p=1x10*cm™?
Alp, 35 Gao, 65 As 1. 6pm p=1X10"%cm~?
Al Ga;- (As 90nm x:0—0. 35
GaAs 20nm Barrier
Ing 2 Gao. s As 7.5nm Well
GaAs 20nm Barrier
Al,Ga; - ;As 90nm x:0.35—0
Aly. 35 Gag. 65 As 1. 6pm n=1x10%¥cm™?
GaAs 0.21pm n=1x10%cm"?

The width and etch depth of the RW section
should be optimized by theoretical and experi-
mental methods in order to realize a single spatial

(121 The effective refractive index

mode beam
method was used in estimating the single mode
operation condition. The first mode cutoff width
is of the form"*;

A()

9 T 2
N etz nemn

W = Q)

where n.e 1s the effective refractive index of the
ridge waveguide, and n.; is the effective refrac-
tive index outside the ridge waveguide. The resid-
ual thickness of the upper cladding layer is 0. 2~
0. 3pm when the first mode cutoff width is 2. 6~
3. 3pm, according to the dependence of the residu-
al thickness of the upper cladding layer on the
first mode cutoff width.

The angle of the tapered section should be
less than the ray angle of the lowest-order mode
in the RW section in order to avoid mode conver-
sion from the lowest-order mode to higher order
modes. It has been proved that the angle of the ta-
pered section should be less than 6"/ The ray

angle of the lowest-order mode is of the form"® .

- A (b L
(9—nW><[2tan (1*b> Xn] (2)
p= lar T (3
N etton n-

where n is the bulk index, n. is the effective in-
dex for finite W,and n.., would be its effective
index for W= oo .

In this paper, we report the investigation of
tapered lasers with L., =450,700,950p,m and an
identical total cavity length L = 1850pm. The
width of the RW section is 3pm and the etch
depth of all devices is 1. 5um. The tapered section
has a total flared angle of 5°. For the above-men-
tioned geometries, the power-current characteris-
tics and the beam propagation factor will be pres-
ented. These investigations lead to optimized
structures.
of
grooves ctched down through the active region,

Cavity-spoiling elements', consisting
were also fabricated. The grooves are angled to
deflect and scatter unwanted radiation away from
the tapered region and into the substrate. If this
cavity-spoiling were not utilized,the device would
be likely to oscillate in undesired Fabry-Pérol cav-
ity modes.

The process of fabrication is as follows. The
RW section was first achieved by a wet etching
method. Then of

2.0pm in depth were also achieved by the same

the cavity-spoiling grooves

method. The SiO, layer was deposited and the film
in the RW section,and the tapered section was re-
moved by a wet etching method. A Ti-Pt-Au mul-
tilayer was sputtered to form the metallization on
the p-side contact. After thinning and n-metalliza-
tion by evaporating the AuGeNi layer, the wafer
was cleaved and coated by ECR plasma CVD. The
front facet was antireflection coated (R;=~1%),
and the rear facet was high-reflection coated (R;
295% ). The devices were mounted p-side (epi-
side) down on copper heat sinks with indium sold-
er. The n-side was contacted by wire bonding.
Then the devices were tested.

3 Experimental results

Figure 2 shows power-current characteristics
of the tapered lasers with RW sections of differ-
ent lengths (The pulse width is 50us,and the pulse
frequency is 200Hz.).

The threshold currents of the three devices
decreased in turn, with values of 0.12A (L., =
450pm) ,0. 11A(CL,, = 700pm) ,and 0. 10A(L,, =
950pm) . The slope efficiencies of the three de-
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Fig.2 Power-current characteristics of the 980nm ta-
pered laser with different lengths of the RW section

vices increased in turn at 1<Z1.5A. However, for
the device with ridge length L., = 950pm, there
were kinks at output powers P>1W, and COD
(catastrophic optical mirror damage) occurred at
output powers P =2.57W in the power-current
dependence. For the device with ridge length L.,
=700pm, there were kinks at output powers P>
2W, and COD occurred at output powers P =
3.19W in the power-current dependence. For the
device with ridge length L., = 450um, there were
no obvious kinks and COD didn’t occur in the
power-current dependence,and the saturation out-
put power was 4. 28W at [ =6A.

To evaluate the beam quality of the tapered
lasers, the beam propagation factor M3, was de-
termined by the equation

mi, = mesdue D
where d,). is the radius of beam waist,and w,/. is
half the angle in the far field. The knife-edge
method of ISO standard 11146''7"*) was used to
measure the beam radius and divergence in the far
field. A lens with 15mm focal length firstly fo-
cused the nearly diffraction-limited beam of the
taper lasers. When a knife-edge whose movement
is controlled precisely in three dimensions moves
along the x direction perpendicular to the beam,
the beam will be partly covered. The beam waist
of any position along the propagation direction
will be calculated by measuring the positions of
the knife at which the power was reduced to
13.5% and 86.5% . Then a hyperbola about the
beam radius along the propagation direction was
simulated and the least beam waist was gained.
The full divergence in the far-field was calculated

from the two asymptotes of the hyperbola. The
testing equipment included a lens with 15mm focal
length, a precise three-dimensional adjuster, a
knife,a detector,and a He-Ne collimator. Figure 3
shows the dependence of the measured values for
the half angle in the far field, the radius of the
beam waist, and the beam propagation factor on
the length of the RW.

0.75
(@
35 070+
e
s 0.65F
%)D —a—0.5W
g —O—1W
£
0.55 1 1 1 1 1
400 500 600 700 800 900 1000
L./pm
130
(b)
\glzo—
RZ —-—(0.5W
g 1of —_— —o—1W
= ——1.5W
5 100F D\O\ﬂ
£
S '\.\.
o 90F
2
g
& 80f
70 1 1 1 1 1
400 500 600 700 800 900 1000
L. /pm
5.5
(©)
5.0 - 0.5W
—O—1W
45+ ——1.5W
o 4.0F ‘\‘
= N
3.5F T =
3.0
2.5F
20 1 1 1 1 1
400 500 600 700 800 900 1000
L./pm

Fig.3 Dependence of the measured values for the
half angle in the far field (a),the radius of the beam
waist (b),and the beam propagation factor (c) on the
length of the RW

There are small differences in the half angle
in the far-field. The radius of the beam waist and
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the beam propagation factor M, increase with
the increasing of output power. The beam propa-
gation factor M?, is similar for the three devices
at same output power. For example, the beam
propagation factor M3, is 3.79 for L,, = 450pm,
3.62 for L,, =700pm,and 3. 64 for L,, = 950pm
at P=1W. The beam propagation factor M}, are
5.65 at 2W and 5.89 at 2.5W for L,, = 450pm
(the values haven’t been shown in Fig.3). The
beam propagation factor M?, increases markedly
at P=2W.

From these results,we conclude that the opti-
mum length of the RW is L,, =450pm. Here the
highest output powers together with good beam
propagation factor could be measured. Figure 4
shows the spectrum of the device at P =1W under
CW operation. The central wavelength is 975nm.

1
975
Wavelength/nm

965 985

Fig.4 Spectrum of the 980nm tapered laser

4 Discussion

The threshold gain of quantum-well lasers is
of the form:
th
I
where I" is the confinement factor of the active
region, g, is the gain coefficient of the material,
J is the threshold current density,and J,, is the

Gy = Pgoln (3

transparent current density.

The total losses of the tapered lasers are'*

1
Qges = & T am + Qgeom = @i T iln<R1Rz)+
1 AAL aper
2L1n<W2neﬁ‘> v

where q; are the internal propagation losses,a,, are
the mirror losses,and a.om are the additional geo-
metrical losses. agom describes the percentage of

reflected wave that couples back into the single-
mode section. L and L., are the total device
length and taper length, respectively. W depicts
the ridge width,and n. is the effective index of
refraction. The lasers with short RW section and
relevant long tapered section have high taper los-
ses and total losses. Thus a slightly high current
density and larger proportion led to a slightly high
threshold current. As a result, the threshold cur-
rent decreased from 0.12 to 0.10A with the
length of the RW section increasing from 450 to
950pm.

The tapered section can be regarded as a ta-
pered amplifier, and its initial power is provided
by the output power of the RW section. Ridge
waveguide lasers with different cavity lengths
were fabricated. The measured values of output
power of ridge waveguide lasers were 240mW for
L = 450pm, 300mW for L = 700pm, and 360mW
for L = 950pm. One can obtain the output power
of a tapered amplifier from the following equa-
tion by numerical methods,

o,
1+ .

§0L taper I
Here 7, is the unsaturated gain of the tapered am-
plifier,y, = o In(J/J ), ¢ is the taper angle, and
I, is the saturation power intensity, I, = hv/,/
q7. - Figure 5 shows the calculated P-I character-
istic of tapered amplifiers with different taper
lengths. Here the slope efficiency and output pow-
er increase with the increasing of the length of the
RW section. For L,, =950pm,an output power P
=6W can be obtained at I = 6A. The effect of
self-focusing in the tapered section is not consid-
ered in this model.
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Fig.5 Calculated output power versus amplifier cur-
rent for different length of the RW
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Although the ridge section provides a spatial-
ly single-mode beam, degradation can frequently
be observed in the tapered section. It is caused by
inhomogeneities in temperature and carrier distri-
bution,leading to self-focusing and filamentation.
For those with long input ridge sections and short
taper sections,a large fraction of the output pow-
er suddenly becomes concentrated in a small re-
gion at the center of the output aperture of the ta-
per instead of being fairly uniformly distributed
over the entire output aperture. In Fig.2,the self-
focusing took place at P=1W for L,, = 950um
and at P=2W for L,, = 700.m. No obvious self-
focusing took place for L,, =450 m.

The beam quality will become poor if the
length of the RW is too short to filter the spatial
mode sufficiently and suppress intensity of back-
reflected light adequately. Thus the beam propa-
gation factor Mf,c for L,, =450pm has a tendency
of accretion. For an even longer ridge at constant
total length,one can speculate that the RW is too
strongly excited, and a broadening of the mode
occurs. On the other hand, at the same output
power from the smaller aperture of the facet more
light is back-reflected into the taper. The ridge is
not able to filter all the backscattered light. Thus
the beam propagation factor M7, for L,, =950um
also has a tendency of accretion.

5 Conclusion

In summary,tapered diode lasers with a total
length L = 1850pm were optimized for high out-
put power and good beam quality. The optimum
length of the RW was found to be L,, =450 m.
Here the highest measured output power was P =
4. 28W, together with a good beam propagation
factor M* =3.79 at 1W.
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