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Unstable resonator cavity semiconductor lasers

J. Salzman, T. Venkatesan,® R. Lang, M. Mittelstein, and A. Yariv
California Institute of Technology, Pasadena, California 91125

(Received 12 October 1984; accepted for publication 5 November 1984)

GaAs heterostructure lasers with unstable resonator cavities were demonstrated for the first time
with both curved mirrors fabricated by etching. Typical output powers of 0.35 W were observed in
astable, highly coherent lateral mode. The laser operated stably in a single longitudinal mode over
a large range of injection currents. The external quantum efficiency was 70% of that of a similar
laser with both mirror facets cleaved implying good output coupling of the energy from the entire

region.

The output power of semiconductor lasers may be in-
creased by increasing the lasing volume. However, this may
cause a degradation in the coherence properties of the laser
output. In particular, when the width of the laser is increased
above ~ 10.m, higher order lateral modes of the waveguide
are excited and a multimode optical field is obtained.’
Further increase of the lateral width of the gain medium
generally causes filamentation, giving rise to nonuniform
near-field optical distribution in the plane of the p-n junc-
tion. This results in inefficient extraction of radiant energy
from the gain medium with unpredictable changes in the
field distribution with increasing injection current.”™ The
thickness of the active layer is also limited to ~0.4 ym if
single transverse mode operation is desired."> As a result,
the typical volume of the lasing region in semiconductor la-
sers, ¥, does not exceed ~ 1000 um>. This is one of the pri-
mary limiting factors in trying to increase the total power
radiated coherently by the laser.

One method of increasing the volume of the active re-
gion while preserving the high degree of coherence in the
output is to synchronize the fields generated by several sepa-
rate lasers.® This may be achieved, for example, via mutual
phase locking of several lasers through their overlapping
fields.”~® Phase-locked multichannel diode lasers, however,
usually support several lateral modes,'’ and special means
are required to suppress all but one of the modes of the com-
bined structure.''~"?

An alternate approach is the use of an unstable resona-
tor.'* It is well known that for laser systems characterized by
a high single pass gain and by a Fresnel number greater than
unity, the unstable resonator is the optimal laser cavity.'*"'7
It provides a large mode volume, nearly complete energy
extraction from the laser medium in a collimated diffraction
limited beam, and, for some range of the resonator param-
eters, a substantial discrimination against higher order la-
teral modes.'® Furthermore, unstable resonator lasers with
reasonably high magnification are less sensitive than lasers
with plane mirrors to inhomogeneities of the medium.'® In
particular, the self-focusing behavior of lasing filaments® in
semiconductor lasers can be counterbalanced effectively by
the magnifying (spreading) effect of the cavity.'®

In a preliminary experiment with semiconductor fasers
in which one mirror was cleaved and part of the other mirror
was polished to a concave cylindrical surface, Bogatov er
al."” were able to get laser emission from a broad area struc-
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ture. The emission had a stable lateral distribution with a
single longitudinal mode superimposed on a spectrally broad
feature. Similar experiments with encouraging results were
recently reported by Craig et al.”®° However, in the above-
mentioned experiments the resonant structure was a combi-
nation of a Fabry-Perot cavity, with a magnifying perturba-
tion in the center of one of the mirrors. In this letter we
report on the fabrication and the operation of GaAs lasers
with both mirrors etched to convex surfaces with no planar
feedback in any part of the cavity. The lateral width of the
gain region was defined by an 80-um contact stripe and the
etched cylindrical surfaces were 250 um wide as depicted in
Fig. 1. We show that this high loss cavity may support a
single transverse and single longitudinal mode with thresh-
old current and quantum efficiency comparable to those of
cleaved broad area lasers and with relatively high output
power.

GaAs/GaAlAs double heterostructures (DH) were
grown by liquid phase epitaxy and subsequently standard
photolithographic techniques were used to form resist pat-
terns on top of the DH wafers with the shape of the desired
mirrors. These were then etched in a H,50,:H,0,:H,0
(1:8:1) solution at 5 °C for 4 min [see Fig. 1(b})]. In some de-
vices the mirrors were produced by a hybrid wet and reactive
ion etching technique developed by us.*’ The device fabrica-
tion was completed by contact metallization. The two pa-
rameters of importance in the design of an unstable resona-
tor laser are the magnification M and the equivalent Fresnel
number, N,, = (a’n/8LA )M — 1/M ), where a, n, L, and 4
are the laser width, index of refraction, length, and wave-
length, respectively (see Fig. 1}.'* Increasing the magnifica-
tion helps in suppressing filamentation, but results in higher
losses and, hence, a higher threshold current for laser oper-
ation and a Jower external quantum efficiency.?* The lowest
value of M that can provide a coherent single mode output
was estimated in the following way: we modelled a laser fila-
ment as the result of a local quadratic inhomogeneity of the
index of refraction® and calculated the combined effect of a
curved mirror and the index inhomogeneity on the propaga-
tion of such a filament.>* By requiring tht a 10-um-wide spot
be smeared out over the laser width after one round trip, we
arrived at the magnitude of R ~ L for the radius of curvature
of the mirrors. In our experiment R = 200 um and L = 250
um resulting in a magnification of'®

L L 2 2L 172
M=(1+——)+(———+———) ~43. (1
R R? R
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With R and L fixed, NV, depends only on the laser width.
This width was determined as the widest beam that can be
coupled out from the laser through the curved mirror ac-
cording to the laws of refraction, resulting in N_, ~50.
Figure 2(a) shows the near-field pattern of the unstable
resonator laser for / = 1.8/, with the laser driven with 100-
ns puises at 500-Hz repetition rate. The field distribution is
very stable as can be observed in Fig. 2(b), where the near-
field pattern is recorded for different values of the injection
current. In Fig. 3 we show the spectrally resolved near-field
distribution for different values of the injection current. The
laser operates in a single longitudinal mode up to /~27,, and
in only two modes up to I = 2.61,,, . The far-field pattern for
two different currents is depicted in Fig. 4. We note that the
far-field distribution is very wide, as expected from a theo-
retical analysis of the symmetric unstable cavity'® {unlike the
far-field distribution reported in Ref. 19). In fact, the record-
ed distributions shown in Fig. 4 are limited by the acceptance
angle of our optical system. By scanning a photodetector
manually we were able to detect some radiation at angles as
high as 70° from the laser axis. If a collimated output is de-
sired, a confocal unstable resonator geometry should be
used.'” This cavity is equivalent to the symmetric unstable
cavity used in our experiment, and has been shown to pro-
vide a nearly diffraction limited far-field distribution.!s-"’
Although the fabrication of a laser with a confocal unstable
resonator involves stringent requirementson R, R,, and L,
the primary limitation is the etching of both mirrors with
high quality curved surfaces. The operation of the lasers re-
ported here suggests that the confocal unstable resonator

80m

o
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FIG. 1. {a) Schematic picture of the unsta-
ble resonator cavity on a double hetero-
structure GaAlAs/GaAs laser. (b) SEM
picture of the etched curved mirrors.

10um

(a) (bl

FIG. 2. (a) Near-field pattern of the unstable resonator laser for I = 1.81,,,.
(b) Recorded near-field intensity distribution for three different values of the
injection current.

semiconductor laser is a feasible device. The ripples observed
in Figs. 3 and 4 are most likely due to variations in the field
distribution of the lowest order mode, ¢ and not due to inter-
ference between different lateral modes. In order to have a
single lateral mode (with higher losses for other lateral
modes) N, must be <N, (crit)** where

N, ferit)~11.5/(ln M * = 3.7

and this condition is fulfilled in our case. Single mode oper-
ation was confirmed by observation of a high degree of spa-
tial coherence of the field.”® The threshold current and exter-
nal quantum efficiency for the unstable cavity resonator
lasers were J,;, = 700 mA and 7, = 0.22, respectively. These
figures compare favorably with the measured values I,
= 300 mA and 7, = 0.32 for cleaved broad area (reference)
lasers fabricated from the same wafer. By assuming that the

FI1G. 3. Spectrally resolved near field at (a)
I=151,, (b) I=20I,, and (g
I=251,.

Salzman et a/. 219

Downloaded 24 May 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp




181,

LT,

I ! ! ] L 1 |
-30° -20° -10° O 10° 20° 30°

FIG. 4. Recorded far-field intensity distribution (in relative units) as a func-
tion of far-field angle. The acceptance angle of the camera is 4 30°.

fraction of energy lost by diffraction is ~(1 — 1/M) per
pass,'® it may be shown that

77,(unstable) 1—R,
nqlcleaved) ~ M —R,’

where R, is the facet reflectivity. Using this expression,
we get 77, (unstable) ~ 0.177,(cleaved), while according to
the measured value, 7,(unstable) ~ 0.77,(cleaved). This
implies that the diffraction losses are reduced drastically by
the field distribution inside the cavity that results from the
combination of the curved mirror feedback and the wave-
guiding effect. Finally, we would like to mention that typical
output powers of 0.35 W at / ~ 4], were observed in a stable
lateral mode.

In conclusion, we have demonstrated the operation of
an unstable resonator cavity semiconductor laser with two
curved and etched mirror facets. The external quantum effi-
ciency was comparable to that of lasers with both cleaved
mirrors and optical power as high as 0.35 W with a high
degree of coherence was demonstrated.”® The preliminary
results show that the unstable resonator geometry is a prom-
ising approach for coherent, high power semiconductor la-
sers.
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