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A surface emitting laser diode (SELD) with a bent double heterostructure is fabricated on a 
grooved substrate. This SELD has a facet angle 0[20 0 and lased at a threshold current of 120 
rnA, The external quantum efficiency is 33%. The far-field pattern has sharp peaks at 10 0 and 
18 0 and wider emission bands between 25 0 and 45 0. Radiation loss by the bent waveguide is 
also estimated by the equivalent current source model. 

A surface emitting laser diode (SELD) has advantages 
of electro-optic integration because a cleaving process is un
necessary. There are two approaches for the surface emitting 
laser diode. One is to incorporate a vertical optical cavity 
with high reflectivity mirrors 1

,2 and the other is to combine 
an edge emitting laser and an isolated output mirror to re
flect the beam upward. 3

,4 There are intrinsic advantages in 
the first approach in terms of high speed and integration 
density. However, the second approach is easier to realize 
since we start with the edge emitting laser, for which the 
technology is wen established. Although light output is not 
perpendicular to the substrate, it may be taken at an angle. 
An angle of 20 0-45 0 from the substrate should anow most of 
the light output to be taken from the surface. Being analo~ 
gous to an optical fiber, a bent double-hetero( DH) structure 
can guide a laser beam without significant loss. In this letter, 
we estimate the radiation loss caused by bending and report 
the realization of the first surface emitting laser diode with 
the bent waveguide. 

Radiation loss from the bent waveguide can be estimat
ed from coordinate transformationS

-
7 or, more simply, from 

antenna theory by finding radiation from a distributed cur
rent source embedded inside the infinite cladding region. R In 
this approach, the electric field E in the active region is re
placed by an effective current source Jz with the amplitude 

(1) 

where ko is the free-space wave number, and nand n are the 
refractive indices of the cladding and active layer, respective
ly. When the double heterostructure is bent with a radius Rc 
and assu.med to be infinite across the bending, the radiation 
power per unit angle (radian) P rad from this cylindrical 
waveguide9 is found to be 

Prad = (1T/4)koI,1~j6oJ;R~Jv(k,fiJt)2, v=k(~Jieff' 
(2) 

whereJv is the Bessel function of the order ofv and neff is the 
effective refractive index of the guided mode. Because the 
order v is larger than 100 in our case, the above Bessel func
tion can be wen approximated by 

J _ exp( - RJ2Ro) 

v - ~27rkoRc(llnT)'T1' 

lln 2 = (n;tr - 1/2 ) , 

a) On leave from Elcctro1echnical Laboratory, Tsukuba, Japan. 

(3) 

where Ro is a characteristic radius mainly determined by 
I1n 2

, the difference between square of effective refractive in
dex n;tr and that ofthe cladding region li2

• The expression Ro 
is similar to the one obtained by the method of coordinate 
transformation. 5

-
7 The value of I1n 2 :is a good measure for 

optical confinement because field intensity in the cladding 

region attenuates in proportion to exp( - ko{i5:n7 1), where I 
is the distance from the heterointerface. Characteristic radi
us Ro decreases superlinearly with I:1n2

• So, radiation loss is 
dependent on the optical mode confinement as well as on the 
curvature of bending Re' When the Bessel fu.nction in Eq, 
(2) is substituted by Eq. (3), the radiation loss per radian is 
proportional to 

(4) 

The first term R, comes from the fact that the length of 
waveguide to produce a certain degree of bending is propor
tional to the bending radius Rc. If we assume an 
Alo3 GaO.7 As/GaAs DH structure with an active layer 
thickness of 0.15 /lm, the characteristic length Ro is 10 /-lm. 

Figures 1 (a) and 1 (b) show the radiation loss as a func
tion of the radius of bending Rc to produce the bent angle of 
20°. The loss is normalized by the total transmitted pewer 
which is carried by the fundamental mode in the planar DH 
structure. The radiation loss is sensitive to the aluminum 
concentration in the cladding layers [Fig. lea)} or active 
layer thickness [Fig. 1 (b) 1 because the characteristic radius 
Ro in Eq. (3) is related to the degree of optical confinement. 
If we assume an A1o..l Ga()7 As/GaAs D H structure with an 
active layer thickness of 0.15 pm [the second curve in Fig. 
1 (a)], the radiation loss is estimated to be 25% at the bend
ing radius of 40 pm. When a laser length of 250 /-lm is as
sumed, the radiation loss of25% at both ends of the cavity is 
equivalent to an additional internal loss of 20 cm -1. If we 
suppose the material loss of 20 em - I and mirror loss of 50 
em - I, the threshold gain will increase by 30%. So, the radi
ation loss of25% will be the maximum feasible value for the 
bent waveguide laser. As seen in the figures, radiation loss 
can be reduced substantially either by increasing the alumi
num concentration of the cladding layer or the active layer 
thickness. The radiation loss is porportional to the bending 
angle when the amount ofJoss is relatively smalL It is appar
ent that a bending angle of more than 45 0 if. feasible by se
lecting the appropriate values for the bending radius and the 
physical parameters of the DH structure. 

The curved DR structure which satisfies the foremen-

705 Appl. Phys, lett. 50 (i2),23 March 1987 0003-6951/87/120705-03$01.00 @ 1987 American Institute of Physics 705 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.32.46.241 On: Mon, 21 Jul 2014 20:20:52



~ 
II! 
II) 

0 
...J 

C 
C 
:;: 
III :s 
III 
a:: 

100 

80 

0 
20 30 40 50 60 70 80 90 100 

(a) Bending Radius Rc <;.'ml 

-. r-----'--, --,- -: -- -,-- --"~ 

50 60 70 

20 degrees 

xc l-0.30 

80 90 100 

Bending Radius Rc {f'ml 

FIG. L Radiation loss in the bent AIGaAs/GaAs DR structure calculated 
by the current source model. The bent angle is 20·. (al With different alu
minum concentration in the cladding layer, (b) with different active layer 
thickness. 

tioned condition is made by liquid phase epitaxy (LPE) on a 
grooved substrate [Fig. 2(a)}. Forward mesa slope across 
the (011) direction is utilized to achieve the bending. The 
etched grooves have a depth of 10 11m anda width of250/Ltll. 

\0) LPE ON THE GROOVED SUBSTRATE 

n+ GoAs substrate I 
LP+ GaAs cop layer 

~ p- A1o.3 Gao.? As (Ge, 1.51'-ml l Go As (O.15,t.!-ml 

--- 1'\- Ala.3GaO.7As (5n,1.51'-!T') 

i b) FACET ETCH!NG 
Si Nx for etching mask 

=::-::-----:-~ / -----

-------;X----I--~, face! 

(e) STR!PE OPENING, ELECTRODE FORMATION 

FIG. 2. Processing steps and schematic structures for the SELD with bent 
waveguide. 
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FIG. 3. Cross-sectional SEM picture of the bellt DB structure. The active 
layer is bent at 20 ". 

After the DH structure is formed by LPE, selective etching 
is performed from the upper boundary of the groove to make 
a facet opening [Fig. 2(b)]. The etching condition is 
NH3:H20 Z:H20 = 1:1:20for lOmin (z lO/tm). The etched 
facet and active layer intersect nearly at the right angle as 
shown in the cross-sectional secondary electron microscope 
(SEM) picture (Fig. 3). In this picture, the active layer is 
bent upward by 20 0 with a curvature around 40 pm. The 
bent angle ofthe active layer can be determined by the thick
ness of the epitaxial layer and position of the etching facet. A 
shallow ridge with a depth of 1 pm is incorporated to reduce 
the current spreading. After the whole region is coated by 
SiNx , contact stripes with a width of 4 pm are opened. 
Au(3000A.)/Cr(150 A.) is evaporated for the p-side elec
trode. One of the laser facets is coated by the p electrode to 
reduce the cavity loss. 

Figure 4 shows the typical light versus current charac
teristic of the surface emitting laser with bending. The 
threshold current is around 120 rnA in a pulsed condition. 
Differential quantum efficiency is 33% from cne facet. The 
maximum light output in this curve is 40 mW at 220 rnA. 

10 -

RT 
PULSED (j ,,"sec) 
7)- 33% 

O~~~ __ L-______ L-____ -J 

o 100 200 

PULSE CURRENT (rnA) 

FIG. 4. J-L characteristic of the SELD with bent waveguide. 
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FIG. 5. Far-field pattern of the SELD with bent waveguide. 

The threshold current is about 50% higher than the edge 
emitting laser diode with the same stripe width. The increase 
in the threshold current is due partly to the mirror loss of the 
etched facet, in addition to the bending loss. The relatively 
high quantum efficiency of 33% is due to the partial antire
flection coating of the output facet with SiN", and high re
flective metallization covering the other facet. 

Figure 5 shows the vertical far-field pattern of the bent 
waveguide laser. The diode was cleaved just in front of the 
etched facet so that the light output is not blocked by the 
substrate or sample package, The far~fie1d pattern has sharp 
peaks at 10 0 and 18 0 and wider emission bands between 25 0 

and 45 0. Two distinct features are to be noted. First. the 
angle of the active layer at the facet is observed around 20 ¢ in 
the SEM picture (Fig. 3), whereas the actual emission peaks 
begin to show up at shallower angles. This is because higher 
order modes in a curved waveguide are excited at the joint of 
straight and curved sections. High~order modes penetrate 
more deeply into the upper cladding layer and have larger 
phase velocity. Therefore, the radiation angle is pushed 
towards the lower cladding layer. Similar behavior of the 
radiation angle is also observed in Ref. 7 (pp. 98-104). Sec-
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ond, several peaks are observed in the far-field pattern. The 
multiple peak characteristics of the far-field pattern can be 
explained by the slight difference of the facet angles between 
upper and lower cladding layers caused by wet etching (Fig. 
3). This problem can be overcome by reactive ion beam etch
ing technique. 10 

In conclusion, a SELD with bent waveguide is fabri
cated by LPE technique on a grooved substrate. This SELD 
has a facet angle of 20 0 at both ends and lased at a threshold 
current of 120 mA. One of the facets is completely covered 
by a p-type electrode to improve the external quantum effi
ciency. The far-field pattern has sharp peaks at 10 0 and 18 0 

and wider emission bands between 25 0 and 45 0. Theoretical 
calculation indicates that a bending angle of more than 45 0 is 
possible by either increasing the curvature of bending or 
modifying the DH structure for better optical field confine
ment. 
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