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Single-mode surface emission has been achieved from visible red GalnP/AlGalnP
laser diodes by applying the contradirectional surface mode coupling technique. The
emission wavelength=(679.5 nm) of the laser structures was adjusted (decreased) in
steps of 0.2 nm in an interval of 1.5 nm by reducing the thickness of the waveguide
on top of the laser diode. The laser diodes emitted via the surface with a beam di-
vergence of 0.10° and showed single-mode emission both in AC as well as in DC
operation with a minimum spectral linewidth of 0.09 nm. The highest sidemode
suppression achieved in DC operation was 26 dB.

1. Introduction

Semiconductor laser diodes in the visible regime are very suitable to be employed as
powerful emitters in optical short-range data transmission (the attenuation minimum of
polymethylmethacrylatéPMMA) fibers lies near 650 nm) and as light sources in the
next generation of optical disk drives with their ability to read and write highly con-
densed optical information. The field of applications is widely spread, including spec-
troscopy, displays and optical sensing. Several red laser-diode-configurations have been
successfully realized so far by usingxBaxP/(Al,Gayy)o slng.sP sample structures. Ex-
cellent laser emission with low threshold current and high output power in the wave-
length range between 620 and 690 nm has been reported.

Improvement of the emission characteristics and flexibility of the emission wavelength
is desirable for advanced technical usage. If one achieves laser diodes with several sin-
gle-mode emission spectra near the attenuation minimum of the optical fiber, the trans-
mission bit rate of communication systems can be increased significantigrnse
wavelength division multiplexinddWDM) as the heart ahultiwavelength optical net-
working (MONET). If surface emission (emission vertically to the epitaxially grown
layers) is accomplished, the beam divergence is decreased essentially due to the ex-
panded outcoupling window. Surface emission also eases the fabrication of two-
dimensional arrayand the integration with the driving circuit on the same wafer.

Several concepts for obtaining single-mode surface emission have been presented by
using second-order gratirtistributed feedbackFB lasers. They use the incorporation

of a phase-shifting film [1], preferential current pumping [2], the effect of chirping the
grating structure [3] or a complex-coupled grating [4]. There is no beam steering effect
due to wavelength and temperature variations, since the beam direction is fixed by the
DFB grating structure. Wavelength shift in DFB laser arrays is achieved by changing
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the grating period of the individual elements requiring a very precise definition of the
grating period to achieve a well defined emission wavelength. But there have been no
papers reporting about the realization of these concepts in the red wavelength regime. In
contrast the redertical cavity surface emitting las€wCSEL) diodes [5], [6], with

which large-signal modulation of 1.5 Gb/s has been demonstrated. A wavelength shift
can be achieved by generating a thickness gradient across the wafer during epitaxial
growth [7].

2. Methods

We have developed a method to achieve single-mode surface emission from horizontal
cavity laser diodes, which is based surface mode couplinSMC). The laser diode
characteristics (wavelength, emission-angle) can be adjusted after the processing as a
laser diode by changing only the surface parameters (waveguide’s optical thickness).
This leads to a straight way of creating multi wavelength laser diode arrays [8]. As SMC
laser diodes can be fabricated by using the established technique of the conventional
stripe-contact laser the complex fabrication process of VCSEL structures and of DFB
lasers is avoided. The principle of these laser diodes is based on a coupling mechanism
between the laser mode and the surface mode which exists in a semitransparent
metal/dielectricum waveguide structure on top of the laser diode. Phase matching of the
laser mode and the surface mode is achieved by a surface relief grating in the laser di-
ode. The grating causes radiation losses of the laser mode, which are reduced signifi-
cantly only in a narrow spectral range by the excitation and feed back process of the
surface mode. The effective gain mechanism of this resonance leads to single mode
emission. Recently we have shown that the SMC technique with codirectional (the laser
mode and the surface mode are propagating in the same direction) coupling can be ap-
plied to GaAs/AlGaAs and to GalnP/AlGalnP laser diodes to achieve both a single-
mode emission as well as a surface emission with very narrow beam divergence [9],
[10]. The radiation and the longitudinal mode characteristics of the waveguide grating
structures have been investigated numerically with an in-depth analysis based on the
Floguet-Bloch theory. The numerical analysis shows that in case of contradirectional
(the laser mode and the surface mode are counterpropagating) coupling between the
laser mode and the surface mode the sidemode suppression of the emission wavelength
is increased compared to the codirectional coupling mechanism due to a narrower reso-
nance. In Fig. 1 the waveguide loss with co- and contradirectional surface mode cou-
pling is shown. In case of contradirectional coupling the depth of the resonance in-
creases with the gain. The contradirectional surface mode coupling concept has now
been realized for the first time.

The physical background of the SMC-concept with surface emission and with contradi-
rectional coupling is the following: the laser light propagating in the active region is
exciting a transverse electrically polarized ¢ &urface mode in a waveguide structure
on the top of the laser diode through"& @&der grating coupling. Therefore the phase
matching condition

Blaser— 2% kg =Breo+ 0 (1)

has to be satisfie@aseris the propagation constant of the lasgr=k2r/A the grating
vector (\ is the grating periodBrg, the propagation constant of the oI&urface mode
andd is the phase mismatch. The surface mode couples both into the vacuum light cone
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resulting in surface emission and back to the active region leading to a gain mechanism
and thus to single-mode emissifirg, can be “tuned” by changing the thickness of the
surface waveguide. Witfirg, alsoBaserand the emission wavelength of the laser diode

is adjusted. The angte of surface radiation is governed by the emission condition

Breo - Kg = Biight X sina (2).
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Fig. 1: Waveguide loss with codirectional (a) and contradirectional (b) surface mode
coupling. In case (b) the numerical analysis shows a narrower resonance and the
depth of the resonance increases with the gain (G).

3. Materials

The devices realized in this work are double-quantumwseling#/(AlyGa.y)o.slno.sP

laser diodes grown by low-pressure metallorganic vapor-phase-epitaxy (MOVPE). Se-
doped (n-doped) GaAs and §sdno4d buffer layers, followed by a Se-doped
(Alp.66Ga .3405IN0 sP cladding layer (1000 nm) and an undoped, {83& 73)0.51N0.5P
waveguide layer (65 nm) are grown successively on a n-GaAs substrate, which is tilted
6° off towards the [111]-plane. Two compressively strainegJ@asP quantum wells
(2x10 nm) with an (Ad.2/G& .730.5N0sP barrier (4 nm) form the active region. Next are

a (Al 2/Ga 790.5lN0.sP waveguide layer (55 nm), a Zn-dopedy@Ga .40)0.51No.sP clad-

ding layer (400 nm), a Zn-doped &zdno 4 layer (30 nm) and finally a Zn-doped
GaAs cap layer (20 nm). Asymmetric cladding layers (by the aspect of thickness and
refractive index) are designed to shift the electric field distribution of the laser mode

towards the surface to achieve a sufficient coupling between the laser light and the TE
surface-mode.

The second-order grating (duty cycle 0.67) for surface mode coupling is defined by
holographic exposure of a spin-coated photoresist (Hoechst AZ 5214) on the p-side of
the laser structure. The pattern is etched into the top layers by ion milling (perod
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270 nm, height H = 100 nm). The evaporation of semitransparent Au/Zn/Au metal
stripes (thickness 5 nm/5 nm/20 nm) with a width of 12.4 um defines the stripe contacts
of the lasers. Ti/Au contact pads (50 nm/250 nm), which overlap the laser stripe contact
by 3.7 um from both sides leaving a 5 um wide window in the center of the laser stripe
contact, are evaporated on a polymid isolation in between the single stripe contacts.
Next the laser stripe is coated with two dielectric layers (~150 nm(8i© 1.5) below

~250 nm SIN (n =1.9)) forming a slab waveguide on the top of the laser diode, which
supports the Tgsurface-mode. The combination of low-index and high-index dielectric

is utilized in order to avoid excessive leakage losses into the high-index substrate. Fi-
nally, the laser bars are cleaved to a length between 350 um and 500 um and mounted
on a Peltier element.

4. Results

The SMC laser diodes showed a threshold current defig)tyf 1 kA/cnt at a tem-
perature of 10°C in pulsed driven (AC) and at —5°C in continuos wave (DC) operation.
The series resistance of the laser diodes was rear 9

The farfield pattern of the laser diodes was measured by scanning from one cleaved
facet along the laser stripe-contact to the other facet. The surface emission was observed
at£50° with a beam divergence of 0.10°. The divergence in the perpendicular direction
was 10°. The intensity emitted per solid angle into the single surface beam was three
times larger than the emitted intensity per solid angle at the edges.
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Fig. 2: Wavelength emission spectrum in DC operation. The laser diode emitted at
678.1 nm with a sidemode suppression of 26 dB.

The laser diodes showed a single mode emission in AC condition as well as in DC op-
eration. A wavelength emission spectrum in DC operation is shown in Figx2L( =

1.3 kA/cnt, -5°C). The laser diode emitted at 678.1 nm with a sidemode suppression of
26 dB. The minimum spectral linewidth achieved was 0.09 nm (spectrometer resolution
0.07 nm). The longitudinal mode separation of the Fabry-Perot cavity was measured to
be 0.11 nm.
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Fig. 3: The emission wavelength of the laser structures was adjusted (decreased) in
steps 0f=0.2 nm in an interval 6¢679.5 nm to 678 nm by reducing the thick-
ness of the waveguide on top of the laser diode.

As shown in Fig. 3 the emission wavelength of the laser structures was adjusted (de-
creased) in steps &f0.2 nm in an interval 0£679.5 nm to 678 nm by reducing the
thickness of the waveguide on top of the laser diode. (The surface waveguide was se-
guentially etched with HF 0.25%.) The temperature of the Peltier element was held con-
stant at 25 °C. The resonance of the surface and the laser modes (and with it the emis-
sion wavelength of the laser diode) was shifted to the maximum of the laser gain spec-
trum &678.8 nm) and then to smaller wavelengths. This led to an increase and then
decrease of the sidemode-suppression and of the light output intensity.

5. Conclusion

The contradirectional surface mode coupling concept has now been realized for the first
time. Single-mode surface emission has been achieved from visible red GalnP/AlGalnP
laser diodes by applying this technique. The emission wavelea@#®.6 nm) of the

laser structures was adjusted (decreased) in steps of 0.2 nm in an interval of 1.5 nm by
reducing the thickness of the waveguide on top of the laser diode. The laser diodes
emitted via the surface with a beam divergence of 0.10° and showed single-mode emis-
sion both in AC as well as in DC operation with a minimum spectral linewidth of
0.09 nm. The highest sidemode suppression achieved in DC operation was 26 dB.
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