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Simulation and fabrication of 1.55 pm AlGalnAs/InP quantum
well lasers with low beam divergence
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Abstract; 1.55 um AlGalnAs/InP quantum well lasers with low beam divergence have been theoretically designed
and experimentally fabricated. An asymmetrical mode expand layer (MEL) was inserted in lower cladding to ex-
pand near field intensity distribution and decrease internal loss. Simulation results showed that the use of MEL
didn’ t influence the laser performance negatively but dramatically decreased the vertical beam divergence at the cost
of slightly increase of threshold current. And the experiment results showed high agreement to it. With a 4 pm-
wide and 1000 pwm-long ridge waveguide laser with MEL, the threshold current and output power of single facet
without coating is 56 mA and 17. 38 mw@ 120 mA, and the slope efficiency is 0.272 W/A. The vertical beam di-
vergence is 29.6° and decreases about 35.3% compared to that of typical lasers.
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tions. However, conventional edge-emitting quantum well

Introduction

Due to minimal optical-fiber dispersion and loss,
semiconductor diode lasers operating at 1. 3 pum and
1.55 pm with low divergence are of great importance to
optical interconnections and optical fiber communica-
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lasers have small active area and tight optical confinement
which have caused a large beam divergence in the direc-
tion perpendicular to the junction plane. The far field is
typically about 10° ~30° in the horizontal direction and
40° ~60° in the vertical direction for InP-based lasers.
And this strongly elliptical beam reduces the coupling
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efficiency and coupling tolerance between lasers and cou-
pling optics.

Many works have been done to reduce vertical beam
divergence. GaAs-based lasers emitting at a wavelength
between 800 ~ 1060 nm with small beam divergence have
been achieved by many ways, such as using large optical
cavity (LOC) or super-large optical cavity (SLOC)""?',
engineering the cladding layers with passive waveguides
inserted **! or low refractive index layers inserted *®! | a-
dopting low index quantum barriers'”®’. Most of them
make a tradeoff between optical confinement and mode
size, and suffer from high threshold current, big side
lobes or multimode output risks. While approaches with
surface plasmonic nanostructures'®’ or longitudinal pho-
tonic band crystal (PBC) designs''" require thick and
complex epitaxial structures, approaches monolithically
integrated with spot size converters' " require precision
etch and regrowth process.

Nevertheless, there are few researches about laser
emitting at 1. 55 pm with small beam divergence' "’ .
The confinement factor in InP-based lasers is higher than
that in GaAs-based lasers, which makes it harder to de-
crease vertical beam divergence.

Compared to InGaAsP/InP material ( AE, =
0.4AE,), AlGalnAs/InP material (AE, = 0. 72AE,)

has a lager conduction band offset and reduces carrier
leakage from the quantum-well region''”. As the AlGal-
nAs quaternary material has higher refractive index than
an InGaAsP quaternary material of the same bandgap'™®' |
which also makes it difficult to decrease vertical beam di-
vergence, the AlGalnAs waveguide provides not only ex-
cellent carrier confinement but also good optical confine-
ment.

In this paper, we propose a simple effective way to
reduce beam divergence by using a asymmetric mode ex-
pansion layer (MEL) without obvious performance dete-
rioration and we present a comprehensive discussion on
the design and optimization of AlGalnAs /InP A ~1.55
pm lasers with small beam divergence, which shows a
great agreement with experiment results. Through asym-
metric mode expansion layer, more parameters can be u-
tilized. The optical field is pulled away from p-cladding
and extends into lower layers which reduces the internal
loss'"! and decreases beam divergence without large side
lobes or obvious confinement deterioration. In addition,
it doesn’ t need an overgrowth process and can be fabri-
cated as conveniently as conventional ridge lasers.

1 Epitaxial structure design and simula-
tion

Figure 1 (a) illustrates a typical refractive index
profile and near-filed distribution of 1.55 pm laser with
graded-index separated confinement heterostructure
(GRINSCH) . After detailed simulation, the strain-com-
pensated multiple quantum wells ( SC-MQW ) structure
has been used. The epitaxial structure contains an active
region with three compressively strained ( +1.2% ), 6
nm thick, Al ,Ga, 5, In, ;As quantum wells (QW) and
four tensile strained (-0. 5% ), 9 nm thick barriers,

which is sandwiched by two 0. 1 pm-thick GRINSCH
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Fig.1 Refractive index profiles (left axes) and near-
filed intensity distribution ( right axes) of conventional
(a) and special asymmetric MEL (b) lasers
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layers. The Al composition of GRINSCH layers changes
from 0. 178 near active region to 0.474 near AllnAs car-
rier blocking layers. The carrier blocking layers utilize
asymmetric structure with 140 nm thick in n-side and 50
nm thick in p-side to expand optical field into n-clad-
ding, which reduces the internal loss since p-cladding
absorption is the main contributor to it *’.

We get the band parameters and refractive indices of
the materials referring to Refs. [21-24]. The near opti-
cal field is calculated by solving one dimensional Helm-
holtz equation with MATLAB software. And the far field
pattern can be obtained by taking the Fourier transforma-
tion of the near optical field. The field intensity versus

angle @ is written as'>’ ;
0g2 @ 2
1(9) o< cos’f fiw E, (x,0)exp(ikyxsing) dx
, (1)
where £ (x,0) is the electric field distribution at the la-
ser facet. The terms r, @ are the distance from the output

facet and the angle relative to the waveguide axis, re-
spectively. The term A, is the emission wavelength in

0

free space. For the fundamental mode, the beam diver-
gence is defined as the full width at half maximum
(FWHM) of the far field pattern. The far field distribu-
tion corresponding to widen near optical field exhibits
smaller beam divergence.

The threshold current density J, for conventional
quantum-well lasers [ca]n be well approximated as the ex-
2

-]0 «,
= —ex
T ;i p(rﬂojo

ponential expression

) , (2)
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where J, is the transparent current density, 7, is the in-
ternal quantum efficiency, «, is the total loss including
the internal material loss and mirror loss, I is the optical
confinement factor, and 3, is the gain coefficient.

From the Eqgs. (1-2), we can see a tight trade-off
between the optical confinement factor ( threshold current
density) and the beam divergence. The calculated opti-
cal confinement factor of the typical laser is 2.93% with
45.72° vertical beam divergence. And this tightness can
be solved by the insertion of a mode expansion layer in
the n-cladding layer, which provides an additional degree
of freedom in the device design. The MEL is a passive
waveguide that has a refractive index lower than that of
the core waveguide but higher than that of the claddings,
and it can expand the optical field slightly into lower
cladding and suppress higher mode lasing. For the fun-
damental mode, the optical confinement I'" of laser with
MEL can be written as'?’" .

2 -1
' =|1+—"—| T , 3
| +(c+d)2] ()
where
_ Moy T Mepp
c = 2K ’ (4>

d=+c+2 , (5
where n g, and n, are the effective refractive indices for
the passive waveguide and uncoupled core waveguide,
respectively. k is the coupling coefficient between core
waveguide and the passive waveguide. Since all the pa-
rameters except I" and «, of expression (2) are inde-
pendent (J, and B, dependent only on the active region)
of whether the MEL is inserted, and the existence of pas-
sive waveguide causes only a very small amount of in-
crease in material loss which can be ignored, the thresh-
old current density for lasers with mode expansion layer
can be written as'?’’;

ro_ Jo o _ [ 2 «, ]

']lh n,'exp(r,bo‘]()) ]lhexp ((; + d)2 FbO]O
- (6)
Clearly, the threshold current density for the mode
expansion structure is always larger than that for the con-
ventional structure, because the exponent is always posi-
tive. But the threshold current density J,,’ can remain in-
sensitive to MEL by designing suitable ¢ to make the ar-
gument of the exponential function small'”’. Since n,

is greater than n_, to guarantee a fundamental mode e-

mission, the value of k and n gy should be small to obtain
a suitable ¢ and further to get a small argument of the ex-
ponential function. The parameters used for optimization
are; the separation distance (D) between the GRINSCH
and MEL,the thickness (T') of the MEL, and the com-
position (Q) of the MEL, as showed in Fig. 1(b). To
avoid a large index of MEL and big band offset in n-clad-
ding, we choose 1. 06Q (InP lattice-matched InGaAsP
with a bandgap wavelength of 1.06 um) and 1.1Q to be
the composition of the MEL.

Figure 2 shows the calculated optical confinement
factor I and vertical FWHM 6 as functions of the sepa-
ration distance D (a) and the thickness T of the MEL
(b) when the composition is 1. 06Q. As showed in
Fig. 2(a), when T is fixed at 200 nm, with the increase
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Fig.2 Calculated optical confinement factor I'" and
vertical FWHM @ versus the separation distance D
(a) and the thickness T of the MEL (b) when the
composition is 1.06Q. T is fixed at 200 nm in (a)
and D is fixed at 1000 nm in (b)
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of D, the vertical beam divergence decreases from
39.15° t0 35.1° and then increases to 40.45° while the
confinement factor has a little increase, but is still lower
than that of conventional laser without MEL. This is due
to the inserted MEL which expands the near filed distri-
bution and a larger D will decrease the vertical beam di-
vergence but a too large D will weak the influence of EBL
to active region and can’t expand near optical filed effi-
ciently. As D increasing, the coupling coefficient k be-
tween core waveguide and MEL decreases, leading to lar-
ger ¢ and I'". When D is fixed at 1 000 nm showed in
Fig. 2(b), the increasing T causes lower I'" and smaller
vertical beam divergence. As T increases, the refractive
index of EBL increases, and more light has been expand-
ed into lower cladding result in lower and smaller vertical
divergence. But from Fig. 3 we can see the effect of EBL
to active region is still small even when the T is increased
to 500 nm. This is because the refractive index of 1. 06Q
EBL (n, o =3.25) is too small compared to that of the
active region (n,, =3.5) and the EBL can only confine
a small amount of optical field. And then we fixed the
composition to be 1.1Q (n, ,,=3.28), D to be 750 nm
and 1000 nm.

Figure 4 shows the calculated optical confinement
factor I’ and vertical FWHM @ versus the thickness T' of
the MEL when the composition is 1. 1Q under different
D. Figure 5 shows some of the near field intensity distri-



44y XIONG Di et al:Simulation and fabrication of 1.55 pum AlGalnAs/InP quantum well lasers with low beam divergence 415

3.6 T
T=200 nm L0
3.5 2
e}
2 34 Z
2 0.5
g 33 &
3 g
32 “
0
3'10 1 2 3 4
vertical distance/pm
(a)
3.6 T T T v
7=300 nm 1.0
. 35t %;
e}
g 34} 5‘5)
2 Jos =
g 33} 2
& i
2 B
324 I_l Z
0
3'10 1 2 3 4
vertical distance/pm
(b)
3.6 T T T T
7=400 nm 1O
35F 2
Q
£ 34f E
2 195 =
g 33} -
5 g
32} I_I “
¥‘0
31g I B 34
vertical distance/pm
(©)
3.6 T T r T
7=500 nm T
3.5k z2
5 2
] 5}
S 34t =
2 05 32
5 o
£ 33 b5
S B
32b | | &
0
3.1 . 2 2 2

0 1 22 3 4

vertical distance/pm

(d

Fig.3 Near field intensity distributions under
different 7 with D =1000 nm and 1.06 Q

B3 24 1.06 Q Fl D =1000 nm A}, 7E
ANF TAE T e 89 53 A

butions. It has a much better effect of MEL to active re-
gion and shows the similar tendency when the composi-
tion of MEL is 1. 1 Q compared to 1. 06 Q. And the
structure with 1000 nm MEL has a smaller vertical beam
divergence and a larger optical confinement factor under
the same thickness of MEL in comparison with the struc-
ture with 750 nm MEL. Side lobes may appear when the
thickness of MEL is large to 500 nm, as showed in Fig.
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Fig.4 Calculated optical confinement factor and
vertical FWHM versus the thickness T of the
MEL when the composition is 1. 1Q. Solid line is
D =1000 nm and dashed line is D =750 nm
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5 (b) and (d). And side lobes can lower the coupling
efficiency and coupling tolerance between lasers and cou-
pling optics which should be avoid. Moreover,when T is
500 nm, no matter the D is 750 nm or 1000 nm, the op-
tical confinement factors suffer a significant decrease and
it will lead to a large threshold current density.

Finally, we choose the value of the separation dis-
tance (D) between the GRINSCH and MEL as 1 000
nm , the thickness (T') of the MEL as 400 nm, and the
composition (Q) of the MEL as 1. 1Q. The calculated
optical confinement factor of this special laser with EBL
is 2. 45% with 27. 99° vertical beam divergence. The
optical confinement factor only decrease by 0. 45%
(16.3% ) while the vertical beam divergence reduces by
17.73° (38. 8% ) compared with that of the typical
structure. We investigated the light - current - voltage
(L-I-V) characteristics of both typical and special struc-
tures by using commercial available LASTIP ( LASer
Technology Integrated Program) simulation software, as
showed in Fig. 6. The threshold current of the special
structure with MEL is slightly higher than that of typical
structure because of a smaller optical confinement factor.
But the slope efficiencies as well as the series resistance
of both structures are almost equal, indicating that the
inserted MEL barely has negative effect on laser perform-
ance.

The variation of threshold current with temperature
can be written as;

T-T
L,(T) = 1,(T,) exp(——) , (D)

0
where I, (T) and I, (T,) are threshold currents at tem-

perature T and room temperature T

ro

respectively. T, is
the characteristic temperature. The characteristic temper-
ature can be calculated by linear fitting between tempera-
ture and threshold current, as showed in Fig. 7. The
characteristic temperature of typical structure and special
structure with MEL are 105. 8 K and 102. 1 K respective-
ly between 296 K and 326 K, which are both much high-
er than that (65 K) of InGaAsP/InP material. It indi-
cates that the inserted MEL will not affect the tempera-
ture characteristic of laser negatively.
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2 Device fabrication and test results

Table 1 shows the details of the epitaxial structure of
the special designed laser with mode expand layer. It’ s
similar to typical laser described previous except a 1. 1Q
MEL with the thickness of 400 nm is inserted at lower
cladding 1 000 nm away from active region, and it
doesn’ t require a regrowth process. After growth, the
sample was patterned into ridge waveguide lasers. The
total FP cavity length is 1 000 nm and the ridge
waveguide is 4 pm wide and 1.6 pm high. A 2 pm wide
window in the ridge is used for current injection. The dry
etching process was designed to stop 100 nm above the
active region, but in fact it might etched over a little
depth which could lead to an increase of threshold cur-

12 v T T T 2.0

special strusture
—— with MEL

ol
- = = typical structure

Power/mW
=
Voltage/V

Current/mA

Fig.6 The simulated L-/-V characteristics of typical structure
(dashed-line) and special structure with MEL ( solid-line)
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Fig.7 The simulated relationship between threshold current
and temperature of typical structure (black line) and special
structure with MEL (red line)
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rent. At last, the sample was cleaved into individual la-
ser bars with both facets left uncoated. The devices were
mounted p-side up on an AIN heat sink with temperature
controlled at 296 K and tested under CW conditions.

Table 1 Layer Structure of the 1.55 pm laser with mode ex-
pansion layer

x1 AERXYRER LS5 pm HABIMNEREH

Concentration

Material Thickness/nm  Doping Type -3 Notes
Ing 53Gag 47As 150 P >1x10"
Ing ¢3Gag 37450, Po 2 25 P >1x10™ 1.5Q
Ing_71Gag 5948 62Po 38 25 p >1x10™ 1.3Q
InP 1100 P 5x10"7
InP 400 P 3x10"7
Ing 556Alg. 4748 50 Undoped
Al Gag 474.Ing s56As 100 Undoped
3 QW 6x3 Undoped 1.29%C
Aly 08Gag, plng 7As
4 x Barriers AlGalnAs 9 x4 Undoped -0.5%T
Al Gagy 47410y sp6As 100 Undoped
Ing sp6Aly 47478 140 N 8 x10'¢
InP 1000 N 1x10"
Ing gsGag 1548y 33P0 67 400 N 3x107 1.1Q
InP 700 N 3x10"7

InP Substrate S-Doped 2 ~8 x 108350 um
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Figure 8 shows the measured and simulated L-I-V
characteristics of special designed laser with MEL at
room temperature. The measured threshold current is 56
mA, a little higher than the value of simulation because
of processing step. Over-etching might lead to higher in-

ternal loss as well as the threshold current because of the
increase of non-radiative recombination near the active
region. Annealing for ohmic metallization with a compar-
atively high temperature made ohmic contact imperfect
and caused a higher series resistance (15 )) than usual
(4 Q). The simulated value of series resistance (2.25
Q) is close to normal condition. However, the output
power achieves 17.38 mW@ 120 mA and the slope effi-
ciency is 0.272 W/A, similar to the value 0.278 W/A
of simulation and much higher than that reported in Ref.
[15]. The divergence angles for the horizontal and verti-
cal direction are 15.5° and 29. 6°, respectively. And
the vertical divergence shows highly consistent with the
simulation value 27. 99°, also as the far field intensity
distribution. It has decreased about 35.3% compared to
that of typical laser as showed in Fig. 9, which indicates
that the inserted MEL can expand near field distribution
and lower vertical beam divergence effectively.

Figure 10 shows the stability of the far field beam
divergence at different injection currents. The laser
works under fundamental mode at all level injection cur-
rents. The vertical FWHM barely varies with the injec-
tion current while the horizontal FWHM increases slightly
with the increase of the injection current, which result
from the ridge waveguide index changes caused by ther-
mal and carrier injection effects. The aspect ratio ranges
from 2. 06 to 1. 84 vary with the change of injection cur-
rent and consistently demonstrates better performance as
the typical aspect ratio of conventional lasers is about 3.

3 Conclusions

In summary, a special designed 1. 55 pm laser
based on AlGalnAs/InP material with small beam diver-
gence has been reported by simulation and experiment.
An asymmetrical mode expand layer (MEL) has been in-
serted in lower cladding to expand near field intensity
distribution and decrease vertical beam divergence. As
showed by simulation, the inserted MEL barely have neg-
ative influence on laser performance, and the whole
structure doesn’ t need a regrowth process. For 4 pm-
wide and 1 000 pm-long ridge waveguide lasers, the
threshold current is 56 mA, and the output power is
17.38 mw @ 120 mA. The slope efficiency of 0. 272
W/A has been achieved. The horizontal and vertical
beam divergence of the laser is 15.5° and 29. 6°, re-
spectively, which shows a high agreement with the simu-
lation results. The vertical beam divergence has de-
creased about 35.3% compared to that of typical lasers.
And the far field intensity distribution also shows a high
stability for injection current.
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