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Single-mode and single-beam emission has been achieved from surface emitting
laser diodes based on the surface-mode-emission technique. By employing an opti-
mized device design and a first-order grating coupler, the laser diodes show under
pulsed operation condition a single-mode emission with a linewidth of 0.11 nm. A
power up to 3.6 MW is emitted into a single, surface-emitted beam, which has a
beam divergence of 0.20°.

1. Introduction

The most important impact of laser diodes is the area of transmission systems for opti-
ca telecommunication, where single-longitudinal-mode (SLM) laser diodes are
required to achieve a high transmission capacity and distance. Among the various types
of single-mode laser diodes the distributed-Bragg-reflector (DBR) and the distributed-
feedback (DFB) laser diodes are most commonly used and have been successfully
employed in commercial transmission systems[1], [2]

By far most of the present SLM-laser diodes are conventional edge emitters, while
many novel optoelectronic applications, like optical interconnects, optical computing
and high power laser arrays, require surface emitting laser diodes. Various types of sur-
face emitting laser diodes, like horizontal cavity lasers with 45°-mirrors, DBR and
DFB-laser diodes with second order grating couplers, Master-Oscillator-Power-Ampli-
fiersand Vertical Cavity Surface Emitting laser diodes have been developed so far [3] —
[5].

We have presented a new concept based on the surface-mode-emission (SME) tech-
nique, which has been applied to realize a new type of surface emitting laser diode [6],
[7]. In addition we have recently proposed this technique as flexible concept for a new
type of SLM-laser diode [8]. A real single-mode emission from this type of laser diode,
however, has not been achieved yet [9].

2. Experimental

We report on a singlemode and single-beam emission achieved from SME-laser
diodes. Under pulsed operation condition a single-mode emission with a linewidth of
0.11 nm is achieved, while a power up to 3.6 mW is emitted into a single, surface-
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emitted beam with a beam divergence of 0.20°. This has been achieved by an optimized
device geometry and by fabricating high-quality first-order gratings with an lon-milling
etching technique.

Fig. 1. Geometry of the SME-laser diodes. The surface grating is oriented in y-direc-
tion, while the laser stripe is oriented in x-direction. The window for the SME-
coupling process has a width of 8 um and extends over the whole length of the
cavity.

The SME-technique is based on an interactive coupling between the laser light propa-
gating in the active region of the laser diode and a transverse electrically polarized TEy-
surface mode propagating in a waveguide structure on top of the laser diode. This
requires a specia device geometry, which is shown in Fig. 1. The laser diode is a con-
ventional GaAs/AlGaAs-double-hetero-structure grown by MOCVD. An n-AlGaAs
cladding layer (thickness 1300 nm, 35% Al) is grown on a n-GaAs substrate followed
by an undoped GaAs active region (thickness 90 nm). Next is a p-AlGaAs cladding
layer (thickness 550 nm, 30% Al) with a highly doped p-GaAs cap layer (thickness
5nm) on top. While in recent structures p-AlGaAs cladding layers with thickness of
700 nm and 900 nm were used, the thickness has been reduced to 550 nm in order to
achieve an enhanced coupling between the laser light and the TEy-surface mode. A first-
order grating, which is holographically exposed in photoresist, is etched into the p-
AlGaAs-top-cladding layer by ion-milling (grating period A =415 nm, grating ampli-
tude 100 nm). This etching technique has strongly improved the quality of the grating as
compared to recent samples, where a wet-chemical etching process has been used. The
evaporation of a semitransparent Au/Zn/Au metal stripe (50 A/50 A/200 A) with a
width of 12 um oriented normal (x-direction) to the grating grooves (y-direction)
defines the laser stripe. The single laser stripes are separated at a distance of 250 um,
the surface of the sample in between is isolated with polyimid. Ti-Au contact pads
(500 A/3000 A), which overlap the laser stripe from both sides by 2 um leaving a 8 pm
wide window in the center of the laser stripe, are evaporated on the polyimid isolation.
Next the laser stripe is spin-coated with photoresist (Hoechst AZ 6615, thickness
250 nm) forming a slab wave guide on top of the laser diode, which supports the TEg-
surface mode. Finally the laser bars are cleaved to a length between 400 um and
600 pm.
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Locally in the window the laser light is coupled to the TEg-surface mode. In this
experiment the window extends over the whole cavity length, while in recent experi-
ments the window (length 200 — 300 pm) was only a part of the cavity length. This
increases the coupling efficiency from the laser light to the surface mode. Part of the
laser light is scattered from the active region via the surface grating into the waveguide.
The light is propagating in the waveguide as a zig-zag-wave, where part of the zig-zag-
wave is scattered into air into the emission angle o resulting in efficient surface emis-
sion. In addition, part of the zig-zag-wave is scattered back into the active region pro-
viding a positive, wavelength selective feedback process, which can result in a single-
mode emission. These coupling mechanisms have been discussed in detail in Ref. [8].

The corresponding far-field pattern in DC-operation is shown in Fig. 2. The farfield
pattern is measured by scanning the laser diode along the laser stripe (x-direction) from
one cleaved facet to the other. The sample emits the light into a single beam in an
emission angle of -55.35°. The beam divergence in x-direction is less than 0.15°, while
the beam divergence in the direction normal (y-direction) to the laser stripe is 8°. The
intensity emitted per solid angle into the single beam is more than 15 times higher than
the edge emitted intensity per solid angle, which demonstrates the high efficiency of the
SME-technique. Presently a power up to 3.6 mW is emitted into the single beam, which
1S 15 % of the totally emitted power of 24 mW.
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Fig. 2: The far-field pattern measured by scanning the laser diode along the laser stripe
(x-direction) from one cleaved facet to the other. The SME-laser diode emits the
light into a single beam in an emission angle of -55.35°. The beam divergence is
less than 0.2°, a power up to 3.6 mW is emitted into this single, surface-emitted
beam.

The SME-laser diodes show threshold current densities between 1.8 and 2 kA/cm?. The
wavelength emission spectrum of a SME-laser diode (threshold current Iy, = 140 mA) in
pulsed biased condition (pulse width 0.6 psec, f =40kHz) at a current of 1.3 X Iy, IS
shown in Fig. 3 (left). The sample shows a single-mode emission at A = 874.08 nm with
a full-width-half-maximum (FWHM) of 0.11 nm. The single-mode emission is main-
tained with increasing current, but the FWHM increases up to 0.17 nm at 1.6 x Iy, and
up to 0.27 nm at 1.8 X It». The right part of Fig. 3 shows the DC emission spectrum at a
current of 205 mA. The laser diodes operates in a single-mode, the minimum linewidth
achieved is 0.06 nm, the best side-mode-suppression-ratio is 24 dB.
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Fig. 3: Single-mode emission spectrum of a SME-laser diode in AC-condition (left)
(pulse width 0.6 psek, f =40 kHz) at a current of 180 mA (= 1.3x Iy) and in
DC-operation at a current of 205 mA (right).

3. Discussion and Conclusion

The main advantage of the SME-type of laser diode as compared to surface emitting
DBR- or DFB-laser diodes is a simple and flexible fabrication process. It utilizes the
well-established technique of the conventional striped laser and requires no regrowth.
The present performance of the SME-type of laser diode (relatively high threshold cur-
rent densities (1.8 — 2 kA/cm?), low output power) can be optimized by mirror-coatings:
High-reflection mirrors on the cleaved facets will both decrease the threshold current
density as well as increase the surface emitted power. The use of a quantum-well struc-
ture as active region instead of the double-hetero-structure should further decrease the
threshold current density.

As has already been demonstrated [9], the emission wavelength (and so the emission
angle) can be adjusted by the waveguide thickness and depends on the refractive index
of the waveguide. This makes the SME-type of laser diode very suitable to be employed
in practical applications. On one hand wavelength-division-multiplexing (WDM) tech-
niques require on the transmitter side arrays of single-mode laser diodes, which emit at
different, well-defined wavelengths. On the other hand WDM requires wavel ength-tun-
able laser diodes on the receiver side for the heterodyne-detection-scheme [10]. The
fabrication of laser bars containing laser diodes emitting at well-defined, different
wavelengths (wavelength spacing AA ~ 0.5 —3 nm) can be realized by processing adja-
cent SME-laser diodes with dlightly different waveguide thickness (Ad ~2 -5 nm). The
use of an electro-optically active polymer, for example, as waveguide material will
allow a continuous change of the waveguide's refractive index by applying an electric
field across the waveguide. This would result in a continuous wavelength-tuning around
a central wavelength primarily defined by the waveguide thickness. Thus SME-laser
diodes have the potential to achieve both WDM-requirements. Therefore it is essential
to apply the SME-technique to laser diodes operating in the 1.3 pum- and 1.5 pm-wave-
length regime.
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In addition due to their high beam quality, surface emitting SME-laser diodes can be
employed as direct optical interconnects. For this specific application the steering of the
surface emitted beam by tuning the emission wavelength is of high importance.
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