variation perpendicular to the layers is unchanged through-
out the supermode cycle.” Assuming 4, »4,, we obtain

AL =Ry — A=A /207 ), 2)

With » = 2.83 as a fitting parameter, over 80% of the data
points fit within the indicated error bars (Fig. 3). Although
the parabolic form of the dispersion relation is apparent, the
value for n (2.83) is not in close agreement with the value of
3.5 indicated by the longitudinal mode spacing and the
length (263 um) of the diode. The discrepancy is probably
caused by the finite extent of the active region width. As
mentioned above, as the order of the mode is increased the
optical field tends to fill more of the 100-um array width.
The resulting change (reduction) in effective gain for the
higher order transverse modes will affect the spectral distri-
bution of supermodes.'* Also, variation in the optical field
perpendicular to the layers, as the transverse modes are al-
tered, would affect the result.

In conclusion, the spectral distribution of the transverse
modes is presented for a high-power, short-wavelength mui-
tiple stripe laser. The parabolic dispersion relation is similar
to that of a broad area laser having a relatively flat profile,
and is indicative of the large gain between stripes. Also, the
near and far fields of a multiple stripe laser under various
feedback conditions are shown. The presence of higher order
transverse modes having more emitters than stripes, as well
as the smooth near-field pattern when the feedback is re-
moved, supports the contention that the gain is distributed
relatively evenly across the active region.
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Broad-area GaAs heterostructure lasers with a tilted mirror were demonstrated for the first time,
with the tilted mirror fabricated by etching. These lasers operate in a smooth and stable single
lateral mode with a high degree of spatial coherence. The suppression of filamentation manifests
itself in a high degree of reproducibility in the near-field pattern.

A common feature of broad-area semiconductor lasers
is the filamentary nature of the output optical radiation.'
Lasing filaments manifest themselves by a nonuniform near-
field intensity distribution, unpredictable changes in the
field distribution with increasing injection current, and a
degradation of the spatial coherence of the optical field.
These properties can limit the peak output power available
from the laser, cause kinks in the light-current characteris-
tic, and broaden the far-field intensity pattern.

9 Appl. Phys. Lett. 47 (1), 1 July 1985
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Recently, it was shown that a broad-area semiconduc-
tor laser with an unstable resonator can be operated with a
smooth, stable, and highly coherent lateral optical field.”
The suppression of filaments in these lasers was explained in
terms of the magnifying effect of the cavity.*”* As a result of a
modal analysis of the unstable resonator semiconductor la-
ser,* we concluded that filamentation can be suppressed not
only by the magnifying effect of the resonator, but also by a
shift of the optical field in every round trip. This effect may

© 1985 American Institute of Physics 9
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have important applications in the design of new resonator
configurations in semiconductor lasers.

A lateral shift of the optical field is related to a misalign-
ment of the resonator end mirrors. In the simplest case of a
Fabry—Perot (FP) resonator, this misalignment can be ac-
complished by tilting one of the planar feedback mirrors. FP
resonators with tilted mirrors have been analyzed before™®
but in these works, the tilt was considered to be a very small
perturbation to the ideal cavity, and its effect was studied
from the point of view of the tolerances of FP cavities to
mechanical imperfections. However, in order to completely
suppress filaments in a semiconductor laser, the necessary
tilt angles are quite large and the approximations made in
previous analyses break down.

In this letter we report on the fabrication and the oper-
ation of broad-area GaAlAs/GaAs lasers with tilted mir-
rors, up to a tilt angle of 8 = 15° [Fig. 1{a)]. The GaAlAs/
GaAs double heterostructure structures (DH) were grown
by liquid phase epitaxy and subsequently standard photo-
lithographic techniques were used to form resist patterns on
top of the DH wafers. These were then etched, using proce-
dures recently developed’ to produce high-quality laser fac-
ets [Fig. 1{b)]. The laser fabrication was completed by con-
tact metallization. We obtained an estimate of the necessary
tilt angle by requiring the optical field to be shifted by 10um
(the filament width) after one round trip. In order to com-
pare the losses and the modes of lasers with different tilt
angles, we fabricated on the same wafer, side by side, lasers
having an etched mirror with 8 = 0°, 5°, 10°, and 15°

Figure 2{a) shows the near-field pattern of a tilted-mir-

j 141,
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IAHE o AL )
L Ml'h

i
FIG. 2. (a) Near-field pattern of a laser with a mirror tilted by € = 10°, and
for I = 1.21,,. (b) Recorded near-field intensity distribution for different

values of the injection current. The right side corresponds to the shorter
part of the resonator.
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b fm

FIG. 1. (a} Schematic picture of the tilted-
mirror semiconductor laser. (b} SEM pic-
ture of the etched mirror.

ror laser (6 = 10°) for I = 1.2],; with the laser driven with
100-ns pulses at 1-kHz repetition rate. The field distribution
is very smooth and stable as can be observed in Fig. 2(b),
where the near field was recorded for different values of the
injection current. The slight maxima at both sides of the
emission stripe were present in all the lasers tested both
above and below threshold. In many lasers without tilt
(6 = 0}, these were the places where filaments originated.
The increase of the output intensity at the edges of the gain
region may be caused by the fact that heating effects are less
severe there. The extremely smooth and stable near-field
pattern can be explained in terms of the mirror-coupled
mode analysis.* According to this model, the different {gain)
guided lateral modes E,(x) are coupled at the mirrors with
coupling coefficients K; given by

K, j E,(x)R (x)E, (x)dx, 1)

where R (x)is acomplex reflectivity which is a function of the
lateral coordinate x. In the case of a planar mirror with a
small tilt angle 6, we can approximate R (x) by

R(x)=Roe—2i(Btan9)x’ (2)

where R, is the normal-incidence Fresnel reflectivity and S is
an average propagation constant for the gain-guided modes.
A round-trip propagation analysis of the coupled modes
shows* that the effect of the coupling at the mirrors is to
phase lock all of the propagating waveguide modes to pro-
duce a single resonator mode. We therefore expect the near-
field intensity distribution not only to be stable with increas-

FIG. 3. Picture of the interference pattern between two points in the laser
near field, in the double-slit interference experiment,
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FIG. 4. Light-current characteristic of lasers with different tilt angle. The
inset shows the reciprocal external quantum efficiency 7, ' as a function of
tilt angles.

ing injection current, but also spatially coherent.

In order to measure the degree of spatial coherence of
the output beam, the near field of the tilted-mirror laser was
imaged on an opaque mask, with two narrow transparent
slits, and the resulting interference pattern was observed
with an infrared vidicon camera.® High-visibility fringes
were recorded for point pairs spread across the laser near
field, indicating high spatial coherence over the entire near
field {Fig. 3). This shows that the device operates in a single
lateral mode {although not necessarily a single longitudinal
mode)}, even though the gain-guided stripe can support many
lateral modes.

11 Appl. Phys. Lett., Vol. 47, No. 1, 1 July 1985

The light-current characteristic of tilted-mirror semi-
conductor lasers for different tilt angles is given in Fig. 4. It
can be shown* that the cavity losses are approximately pro-
portional to 77, !, where 7, is the external differential quan-
tum efficiency. This is plotted in the inset to Fig. 4, showing a
highly nonlinear increase in the losses with increasing tilt
angle.

In conclusion, we have demonstrated the operation of
tilted-mirror semiconductor lasers, with a tilt angle of up to
15°. These lasers operate in a smooth and stable lateral mode
with a high degree of spatial coherence.

By observing the output of a large number of devices we
found that, unlike the case of regular FP broad-area lasers,
the near-field pattern in all of them is very similar, showing a
high degree of reproducibility. This suggests that the tilted-
mirror semiconductor laser may be an appropriate candi-
date for applications in which a high-power extended source
is needed.
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