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Buried Convex Waveguide Structure (GaAl)As
Injection Lasers
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Abstract—-The fabrication technique, analysis of the waveguide
property, and lasing characteristics of buried convex waveguide struc-
ture (BCS) lasers are described. An improved BCS laser structure hav-
ing a truncated convex active region was produced by using a novel
selective etching technique. It was found that the truncated convex
waveguide is very effective in suppressing higher order mode lasing
when compared with a convex waveguide. The improved BCS lasers
showed stable fundamental transverse mode lasing up to 20 mW/facet,
typical threshold current of 20 mA, and an external differential quan-
tum efficiency of 28 percent/facet.

I. INTRODUCTION

N the application of injection lasers, linearity of light out-

put-current (J-L) characteristics and stable fundamental
transverse mode lasing are the important characteristics of the
lasers. It has become evident in the past few years that laser
structures having built-in optical waveguide along the junction
plane provide stable transverse mode lasing and the linear
I-L characteristics. Various kinds of lasers having built-in
refractive index distribution along the junction plane have
been devised and have been demonstrated to provide stable
transverse mode lasing, among which transverse junction
lasers [1], rib waveguide lasers [2], buried heterostructure
(BH) lasers [3], [4], and channeled substrate buried_hetero-
structure (CSB) lasers [5], [6], are notable examples.

The CSB laser is unique in that it has a convex active region
embedded in a lower refractive index material, and built-in
refractive index along the junction plane is achieved by the
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thickness variation of the active region [6]. CSB lasers were
first reported by Burnham ef 4l [5] and Kirkby ef al. [6],
and were later modified to improve lasing characteristics [7],
[8]. However, it is supposed that CSB lasers do not consis-
tently realize fundamental transverse mode lasing.

Recently, we reported a new type of CSB laser [9], called a
buried convex waveguide structure (BCS) laser, which has a

-narrow active region (3.0-3.5 um) and consistently realizes

fundamental transverse mode lasing. However, fundamental
mode lasing was limited below the output power of 5-6 mW/
facet. This may be why the width of the active region is wider
than the cutoff width for higher order mode lasing, even in a
BCS laser. One possibility for achieving fundamental mode
lasing at a higher power level is to make the width of the
active region narrower than the cutoff width, but it is difficult
to realize such a narrow active region using a GaAs substrate
[5], [10]. Another possibility is to realize a waveguide in
which there is a large difference in the scattering loss between
the fundamental mode and higher order modes to suppress
higher order mode lasing [11].

In this paper, we report an improved BCS laser having a
truncated convex active region. Its fabrication procedures
using a novel selective etching technique and the waveguide
analysis are described. In the truncated convex waveguide,
the fundamental mode mainly distributes in the center flat
region with small loss, but the higher order modes distribute
over the tapered region causing large scattering loss. Owing to
such waveguide properties, we obtained stable fundamental
transverse mode lasing up to 20 mW/facet, a typical threshold
current of 20 mA, and an external differential quantum ef-
ficiency of 28 percent/facet. It was also found that the out-
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put beam of the improved BCS laser has no astigmatism over
3.5 times the threshold current. :

/

II. STRUCTURE AND FABRICATION
A. Structure

Fig. 1 shows a schematic cross section of the improved
BCS laser. In a conventional BCS laser, the active region has a
convex cross section [9], but in the improved BCS laser, the
active region has a truncated convex cross section which is
flat at the center region and tapered toward both sides. The
width and thickness of the center region are 2C and d,,
respectively, and the total waveguide width is 2W. The active
region is completely embedded in the etched channel and
aligned with the reverse-biased heterojunction which provides
the current confinement to the active region. Each layer in
Fig. 1 is typically n-Gag 5 Alg 3 As of 0.5 um thickness (layer
1), p-Gag 5 Alg 5 As. of 0.3 um thickness (layer 2), n-GaAs of
0.3 um thickness (layer 3), n-Gag 5 Al 3 As clad layer (layer 4),
p-Gag o5 Alg o5 As active region (layer 5), p-Gag , Al 3 As clad
layer of 1.5 um thickness (layer 6), and p-GaAs cap layer of
1 um thickness (layer 7). The channel width is typically 4.5
pm, 2Wis 3.5 um, 2C is 2.3 um, and d,, is 0.1 um.

This truncated convex active region is considered to be
divided into two parts: one is the tapered region which is
directly influenced by the irregular side walls of the etched
channel and is a large scattering loss region; the other is the
center flat region which is smooth and is a low-loss region.
The fundamental mode mainly distributes in the center low-
loss region and higher order modes distribute over the tapered
large-loss region, so that suppression of higher order mode
lasing is effectively achieved in  the truncated convex
waveguide,

B. Fabrication:

To obtain the truncated convex active region, we developed
a fabrication technique using a novel selective etching. This
fabrication technique also enables the control of the buried
position of the active region in the etched channel and the
growth of a thin active region. -

The BCS laser wafers were prepared by a two-step liquid
phase epitaxy (LPE) technique. The procedures are shown in
Fig. 2.  In the first growth stage, a three-layer structure is
grown on a (100)-GaAs substrate as shown in Fig. 2(a).
The three layers are composed of 1) n-Gag Al 3As,
2) p-Gag 5 Alg s As, and 3) n-GaAs, and they are corresponding
to the layers 1-3 in Fig. 1. The GaAs top layer enables the
- reproducible growth of GaAlAs and GaAs in the second
growth stage and also provides a reverse-biased heterojunction
for internal current confinement. The Gag sAlg 5 As layer
enables selective etching. After the first growth, 4-5 um wide
and 2.5 um deep channels along the (011) orientation on the
wafer were etched by using conventional photolithography

[see Fig. 2(b)]. If we take the (011)-channels, the GaAlAs

at the second growth stage is less reproducibly grown in the
channels. The GaAlAs in the second growth stage is less
reproducibly grown in the channels when. the width of the
etched channel is narrower than 4 um, even in the (011)-
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Fig. 1. (a) Schematic cross section of improved BCS laser. Layers are
as follows: 1) n-GagqAlg3As, 2) p-GagsAlgsAs, 3) n-GaAs, 4)
n-Gag7 Alg 3As, 5) p-Gag g5 Alg g5 As (active region), 6) p-Gag 7Alg 3As,
7) p-GaAs. (b) Magnified cross section of the truncated convex active

region. Total width is 2W, and the width and thickness of the center
flat region are 2C and d,,, respectively.

| E—
4 um
Fig. 2. SEM photographs showing the cross section at each fabrication

step. (a) Three-layer structure at first growth stage, (b) after preferen-
tial etching, (c) after selective etching, and (d) after second growth.

channels. Then, small caves were formed in the side wall of
the etched channel by using selective etching [Fig, 2(c)].
The Ga,.,Al,As is readily dissolved in HF when x>0.5,
and is not dissolved in HF when x <0.4. By applying these
etching characteristics, we formed about 0.5 um deep caves
in the Gay 5 Alp s As layer on the walls of the etched channels.
The selective etching solution used here is composed of
HF :H;P0, :H,0, =800:1200:1 and the etching time was
30sat25°C,
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In the second growth stage, the n-Gag 5 Al 3 As is grown
first. When the n-Gay ,Aly 3As grows to reach the small
caves in the side walls of the etched channels, its growth stops
at the lower edge of the caves and the growing surface
becomes flat. Then, the active region is grown on the flat
surface of the n-Gay ;Aly 3As. The active region forms a
truncated convex shape by pinning its growth at both sides by
the caves. An active region of about d, ~ 0.1 um thickness
was reproducibly obtained at a growth time of 20 s at a cooling
rate of 0.3°C/min. The thicker active region over 0.15 um was
rarely obtained, even for a longer growth time. By these
growth features, the buried position and the thickness of the
active region were automatically determined so that the
homogeneous active region along the cavity direction was
easily obtained. If the growth time of the n-Gagy 5 Aly 3 As is
sufficiently short, the convex active region is grown. Finally,
the p-Gag,Alp 3As and p-GaAs layers were grown. The
p-Gag 7 Al 3 As can overcome the pinning effect of the small
caves for a long period of the growth time so that it fills the
channels completely [Fig. 2(d)]. It was observed that there
was a relation of 2C~ (2W)2/3 when 3 <2W<4 um and
d, = 0.1 um.

Lasers having a cavity length of 200 um were fabricated
from the wafers and, for CW operation, a sample was bonded
on to a diamond heat sink using an AuSn alloy bonding
solder.

C. Discussion

The growth characteristics of the filling of the etched chan-
nels are quite different from the results reported previously
[81, [10], [12] because of the existence of the GaAlAs layers
and the small caves formed in the side walls of the etched
channels.

The three-layer structure in the first growth stage enables
production of a narrow active region by eliminating melt-
back of the shoulder of the etched channels, carrier leak to
the GaAs substrate, and absorption of lasing light in the GaAs
substrate by keeping a distance between the active region and
the substrate. However, the minimum width of the active
region reproducibly obtained was about 3 um. The channels
remained without the LPE growth if the channels were nar-
rower than 4 um (corresponding to 2W <3 um), and the
channels also remained, even though the channels were wider
than 4 um when we took the {011)-channels. It is difficult
to grow the air-exposed surface of GaAlAs directly, and the
LPE growth should begin from the GaAs at the bottom of the
channels [3]. If the width of the channels is narrower than
4 pm, the melts cannot fill the channels completely because
of surface tension of the melts. In the case of the (011)
channels, dovetail channels were formed. The GaAlAs at the
shoulder of the dovetail channels prevents the melts from
filling the channels.

The truncated convex active region was realized by using
selective etching. It is possible to obtain an LPE growth on an
inclined surface of the air-exposed GaAlAs, but it is difficult
on a flat surface [3]. Therefore, the LPE growth is pinned at
the lower edges of the caves at which nearly a flat GaAlAs
surface appears, and the growth rate becomes extremely slow.
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Fig. 3. (a) Schematic cross section of the truncated convex waveguide
and (b) the corresponding effective dielectric constant profile along
the junction plane.
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The buried position of the active region in the channels is
semiautomatically determined by the caves and is almost
independent of the growth time so that it is constant along
the cavity direction. The growth rate of the active region is
also slow, so we can easily obtain a thin active region of
0.08-0.12 ym.

III. WAVEGUIDE PROPERTIES
A. Analysis

Fig. 3(a) shows the schematic cross section of the truncated
convex waveguide and the coordinate system used. To simplify
the analysis, we assume that 1) the active region (refractive
index of n,) is buried in the uniform refractive index material
(refractive index of n,), 2) the thickness of the active region
(d(x)) is constant (d,) in the center region and decreases
gradually to zero on both sides, and 3) only the electric field
along the junction plane (TE mode) is considered.

The transverse mode behavior can be analyzed by means of
the effective refractive index approximation [13]. In this
approximation, the eigenmodes are given by the product of
two functions, £,(x) and E,(y), and we have the following
separated wave equations [14] :

2
{(Zc—z + (Pn () - 62)} Ex()=0 O
{C—gj{ +(k*no(y)* - "3)} E.(y)=0 2
where
n% IyI<d,/2
2 =
"o0) {n% ¥1>d,/2 ¢

k =2m[\ is the free-space propagation constant, A is the free-
space wavelength, § is the propagation constant of the guided
wave in the z direction, n, is the effective refractive index for
mode with respect to the y direction determined by solving
(2), and n.(x) is the effective refractive index along the x
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direction. The resulting modes of E(y) have a usual cosinu-
soidal with exponential tail variation,

The thickness of the active region d(x) can be approximately
expressed [6] as

d, x| <C

d(x)=<d, {1 - (;L:g

0 [x|>W.

>2} C<Ixi<W %)

The effective refractive index of the waveguide n (x) is ex-
pressed as

ne(x)* =ni +P*(n} - n})

®)

where P is the normalized propagation constant in the y direc-
tion [15]. If d(x)is thin, we can approximate [16] as

Px~1d(x)k~ni-n3. ©)

Using (4)~(6) and neglecting higher order terms, we obtain
the effective refractive index profile along the x direction as

n2 x| <C
2 _ 2 -C 2
ne(x)? < =n2 {1 - nenznz (%/T_(:‘) } c<xi<W (7)
e
n3 L x> w

ne(x)? is illustrated in Fig. 3(b).

The transverse mode behavior is now obtained by substitu-
tion of the effective refractive index profile along the x
direction (7) into the wave equation (1). To solve (1), we
applied a simplified series solution method developed by Dil
et al. [17] and Gambling ez al. [18] for optical fiber analysis
and later applied it to a cladded parabolic index waveguide by
Adams [19]. Table I gives the expression for the field dis-
tributions and eigenvalue equations obtained by this method,
and the corresponding result for a convex waveguide approxi-
mated as a cladded parabolic index profile [19], [20] is also
shown. The notation in Table I uses the normalized variables
[21]-[23]. It is found that the convergence of the series was
such that an adequate degree of accuracy was achieved in
about 20 terms for the center region and 50 terms for the
tapered region.

Far-field distribution of the emitted laser beam is also
calculated using the results for £, (x) £, (»). The beam profiles
parallel to the junction plane were calculated by the approxi-
mate formula [24]

2

I(0x) < (1 + cos 0,)? f E(x) exp (7 sin 8,kx) dx

—oo

®)

where 6., is measured from the normal to the mirror facet.

B. Calculated Results and Discussion

Fig. 4 shows an example of the calculated results, where the
curves give the cutoff conditions, the abscissa and the ordinate
being the width 2W, and the thickness d,, of the active region
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in the center region, respectively. The parameters used are
n; =3.62, n, =34, and A=850 nm. The relation of C=
2W/3, which is observed in the range of 3 <2W <4 (um),
is assumed in all the values of 2W. Near the origin, all the
higher order modes are cutoff, and only the fundamental
mode is allowed. From the active region shape, it is expected
that the truncated convex waveguide has the properties be-
tween the BH (rectangular) waveguide and the convex wave-
guide according to the values of 2C. Fig. 5 shows the cutoff
condition at the finite width of 2W =3.5 um for the first-
order mode as a function of 2C. This corresponds to the BH
waveguide at 2C = 2W and to the convex waveguide at 2C = 0.

The lasers with built-in refractive index distribution along
the junction plane experimentally show fundamental trans-
verse mode lasing at low power levels for values of 2W that
allow higher order modes [3], [4], [9]. The scattering loss
from the irregular boundaries of the guide walls is very effec-
tive for suppression of higher order mode lasing, thus keeping
the fundamental mode lasing up to higher power levels [11].
Fig. 6 shows the transverse mode confinement factors for the
fundamental mode and the first-order mode in the truncated
convex waveguide. The dashed curves show the confinement
factor T',, (m =0 for fundamental mode and m =1 for the
first-order mode) for the entire waveguide width 2W and the
solid curves show the confinement factors I'},, for the center
region 2C. There is no particular difference in ', (=1)
between the fundamental mode and the first-order mode
when 2W 2 3 um. Therefore, the fundamental mode, as well
as the first-order mode, can oscillate if there is no difference in
the loss between them. On the other hand, there is a particu-
lar difference in I';,, between the fundamental mode and the
first-order mode even though 2W >3 um, and higher order
modes distribute over the tapered region. If there is a large
scattering loss in the tapered region, the transverse mode is
stabilized by this scattering loss. To estimate the scattering
loss in the tapered region, we compare the threshold current
of the lasers having the truncated convex waveguide with that
of the lasers having the convex waveguide. The calculated
field distributions of the fundamental transverse modes in the
truncated convex waveguide and in the convex waveguide are
shown in Fig. 7. The field in the truncated convex wave-
guide distributes more widely than that in the convex wave-
guide, so the influence of the irregular boundaries of the
guide walls is larger in the truncated convex waveguide than
in the convex waveguide, which causes the higher threshold
current. Actually, the average threshold current of the lasers
having the truncated convex waveguide was 20 mA, and that
of the lasers having the convex waveguide was 16 mA as
described in Section IV. Therefore, the fundamental mode
in the truncated convex waveguide is somewhat influenced by
the scattering loss in the tapered region and this scattering loss
is supposed to be fairly large. The scattering loss due to the
irregular boundaries of the guide walls may have the relation
[11], [24]

a(m) « (m + 1)

where m is the transverse mode number (=0,1,2,-- ). The
scattering loss rapidly increases with the mode number and
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TABLE I
THE WAVEGUIDE MODELS AND MATHEMATICAL DETAILS
oF THEIR SOLUTIONS

Convex waveguide Truncated convex waveguide
u2=w2 (k2ng2-82) u2=c2 (k2n 2~ 82)
Parameters
v2=w2k2 (ng%-ny?) u'2= (W=c) 2 (k2ng2- 82)
w2=v2 - y2 v'2= (W-C) 2k2 (ng2-n32)
w2=V'2 - ulZ
2.5.2
. . n —-n2
Dielectric nez(l-Ji—iy—— (%%)2) ne2 (|x]<C)
profile: N
2 -n,2
ng (x) (|x| <) 2 ne2-ny Ixl-C 2
- Nea (l"—z—‘ (w - C) )
ny? (|x|>w e
{e<lx| < w
n,2 (|x] > w
Field - N .
distribu- z an(%)n (Ix] <wW $ ap@" (Ixf <0
tion n=0 n=0
N M
E, (x) (z ay) e (1—“’;——') (x| >w| = bm(v‘q"l‘g)“‘(m x| <wW)
n=0 m=0
2 2 M -
. 7 ®n-47% An-2 (x e (3—#%)(&[ > W)
an* n(n-1) m=0 "m
_uZan_2
an="p{n-1)
v 25 _g4-u'2bp_y
bn* w1
Even order modes, aofl,a2i+1=0
odd order modes, aj= 1, aj;=0 (all 1)
Eigen value N N N C by
equation I na, = -w L a Z nap = p
n=1 n n=0 n n=1 n W ¢
M M
I mby- - w I b
m=l n=0
’é 0.1
3 2W.=35 pm
e
E ? 005}
53 5 convex H
o e ﬁ-"—-———_________________Ei}
o =
§ 1 1 1
c 0 1 2 4
3 2C (pm)
& Fig. 5. Cutoff condition of the first-order transverse mode as a func-
tion of 2C and d, when the total width 2W = 3.5 um.
1 L | 1 '
0 1 2 3 4 5 IV. DEVICE CHARACTERISTICS
Cut-off width 2W, (pm) A. Comparison of BCS Lasers Having a Convex and a

Fig. 4. Cutoff condition of the low-order transverse modes as a func- Truncated Convex Active Region

tion of the width 2W and.the thickness d, with the relation of Two types of BCS lasers were produced' one has a convex
C=2W/3. ’ ‘ '

active region, which is the same as a conventional structure;

and the other is an improved structure having a truncated

higher order mode lasing is effectively suppressed in the convex active region. The average and lowest pulsed thresh-
truncated convex waveguide. old current for the lasers having a convex active region were
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Fig. 6. The transverse mode confinement factors for the fundamental
mode and the first-order mode. Dashed curves are the confinement
factors for the total width 2W (I'op for the fundamental mode and
I'y for the first-order mode), and solid curves are the confinement
factors for center flat region 2C (I'p for the fundamental mode and
I for the first-order mode).
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Fig. 7. The field intensity dlstnbutlons in the truncated convex wave-
guide and the convex waveguide for 2W = 3.5 um, d, = 0.1 uym, and
2C=2.3 um (only for the truncated convex waveguide), and A=
850 nm.

16 and 9 mA, respectively, and those for the improved lasers
were 20 and 14 mA, respectively, The threshold current is
extremely reduced as compared.with that obtained before,
which was 25 mA (average) [9]. These results show that the
fabrication technique developed in this paper gives the
homogeneous active region. Higher threshold current of the
improved lasers as compared with that of the lasers having a
convex active region can be caused by the diffetence of the
scattering loss as described in Section ITI. ‘

Fig. 8 shows typical far-field patterns along the junction
plane at various power levels and the. -photographs of the cor-
responding lasers. These lasers had almost the same d, (~0.12
pm), 2W (~3.7 um), and A (~850 nm) except the shape of
the active region. The improved laser shows the stable funda-
mental mode lasing over 10 mW/facet [Fig. 8(a)], whereas
the laser having a convex active region shows the transverse
mode deformatlon over 6 mW/facet [Fig. 8(b)]. The beam
d1vergence of the lasers having a convex active region was
wider than that of the improved lasers. The beam divergence
(measured at half-power pomts) of the lasers having a convex
active region was 20-30° and was less controllable, On the
other hand, we can reproducibly obtain a beam divergence of
14-18° in the improved lasers.
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A

Fig. 8. The far-field patterns along the junction plane at various power
levels and the SEM photographs of the corresponding lasers. (a) The
laser having a fruncated convex wavéguide: 2W'=3.7 um, 2C =2.2
pm, dy =0.12 um, and A = 848 nm. (b) The laser havmg a convex
waveguide: 2W = 3.7 um, do = 0 11 ym, and A= 852 nm.

B. BCS Lasers Having Truncated Convex Active Region

Fig. 9 shows typical CW J-L characteristics. The threshold
current was typically 20 mA, and the lowest threshold was 15
mA (CW). Such a low threshold was achieved by the very
effective current confinement and the homogeneous active
region along the cavity direction. The I-L characteristics were -
extremely linear with no kinks up to 20 mW/facet, and the
external differential quantum efficiency was about 28 percent/
facet. Fig. 10 shows typical far-field distribution under CW
operation. The transverse mode was stabilized up to 20 mW/
facet; however, at a power level of 25 mW/facet, the field
distribution became slightly deformed. It is c’:onsidered'that
suppression of the higher order modes is ineffective, even in
the truncated convex wavegulde at power levels over 20 mW/
facet. Fig. 11 shows the experimental results of the beam
divergence parallel to the junction plane as a function of the
active region thickness d,, and also shows the calculated curve.
The expenmental results are shghtly larger than the theoreti-
cal prediction when d, becomes thicker. This may be why
the center region is not flat, but slightly curved, and the curva-
ture becomes larger as d, becomes thicker, resulting in a larger
beam divergence The beam divergence along the ‘junction
plane was 14-18° when 0.08 <d, <0.12 um, whmh was
reproducibly obtained in this experiment.
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Fig. 9. Typical CW I-L characteristics of the improved BCS laser.
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Fig. 10. Far-field patterns at various power levels under CW operation
of the improved BCS laser. (a) Parallel to the junction plane. (b)
Perpendicular to the junction plane.
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Fig. 11. Beam divergence parallel to the junction plane as a function
of the active region thickness d,, for the lasers with 3.2 < 2W < 3.8
um. The solid curve is calculated beam divergence for 2W = 3.5 um,
2C = 2.3 um by using (8).

Fig. 12 shows a typical lasing spectra at various current
levels. Single longitudinal mode lasing starts to become
dominant at slightly above threshold.

In applications for an astigmatically corrected optical sys-
tem, the stable field distribution as well as astigmatism are
important characteristics of the lasers, and it is desirable that
the beam-waist position be independent of the excitation
levels. The dependences of beam width and the beam-waist
position on various current levels were examined by measuring
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Fig. 12. Lasing spectra at various current levels.
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Fig. 13. Dependence of full beam width at 1/e2 points (O) and dis-
tance between the beam waist position parallel to the junction plane
and that perpendicular to the junction plane (®) on current levels.

the near-field patterns as shown in Fig. 13. Open circles show
full beam width at e™> points parallel to the junction. The
beam width maintained a constant value over 3.5 times the
threshold current. The solid circles show the dependence of
the distance between the beam waist position parallel to the
junction and that perpendicular to the junction. The distance
is nearly zero, and this coincidence is a result of refractive
index guiding [26] in a truncated convex waveguide. The
output beam of the BCS laser has no astigmatism over 3.5
times the threshold current.

V. CONCLUSION

Buried convex waveguide structure (BCS) lasers were fabri-
cated by using a novel selective etching technique. The
fabrication technique developed in this paper realizes a trun-
cated convex waveguide and provides the reproducible growth
of a thin active region (0.08-0.12 um) and a homogeneous
active region along the cavity direction.

The mode-guiding mechanism and the lasing characteristics
of .BCS lasers having a truncated convex active region are also
described. These lasers achieve fundamental transverse mode
lasing up to 20 mW/facet (CW) by effectively suppressing the
higher order modes. The threshold current was typically 20
mA (CW) and the external differential quantum efficiency was
28 percent/facet. The output beam of the BCS laser having
a truncated convex waveguide has no astigmatism over 3.5
times the threshold.
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