High power,
coherent laser diodes
By David Welch, William Streifer, and Donald Scifres

Many of the growing number of
applications for laser diodes have
appeared due to the increased power
available from today's sources.

any of the growing number of applications for
laser diodes have appeared due to the increased
power available from today's sources. Prior to
1981, the highest reported cw output power was a few
hundred milliwatts, while today cw powers of over 50
Watts are being reported. The applications that have re
sulted from this technological leap include efficient diode
pumped solid state lasers, pyrotechnic initiation, night illu
mination, satellite communication, read/write optical
discs, and direct doubling of diode radiation into the blue.
To continue this rapid growth in the application base, re
searchers have pursued several directions including devel
opment of higher power lasers and the development of
high power coherent lasers emitting in a single Gaussian
beam.
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The limitation in the output power of a diode laser re
sults from either excessive thermal dissipation or cata
strophic degradation of the emitting aperture, where the
power densities reach several M W / c m . The introduction
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of metallorganic chemical vapor deposition ( M O C V D ) as
a crystal growth technique resulted in structures that could
operate more efficiently and dissipate a higher power den
sity prior to catastrophic degradation. The most common
ly used structure is the single quantum well separate con
finement double heterostructure laser (SQW-SCH). In this
geometry, the active region of the laser diode consists of a
thin layer of AlGaAs on the order of 10 nm thick, while
the waveguide is determined by the confining and cladding
layers, both of higher A l composition material.
Figure 1 indicates the light output characteristics of la
sers with 100 µm and 200 µm emitting apertures. The
maximum output of these lasers is limited by the thermal
dissipation in the chip to power of 6 and 8 W cw, respec
tively. Wall plug efficiencies of similar diodes have been
recorded to be greater than 5 5 % at lower output power.
The radiation pattern of the above diodes, however, con
sists of several spatial modes and is not well suited for
applications that require diffraction limited outputs.
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The requirement of diffraction limited laser diodes is a
radiation pattern that is a single Gaussian beam. This im
plies a high strehl ratio, coherence across the device, and a
single lobed output. There are two approaches to solving
this problem monolithically: increasing the power output
from a single mode waveguide laser or coupling several
lasers together while discriminating against the higher or
der modes of such coupled lasers.

Single stripe laser diodes
Single stripe lasers are designed to propagate the lowest
order transverse mode. Due to the stability of the refrac
tive index step in semiconductor lasers, the aperture size is
limited to less than 5 µm. The light output characteristics
of an SDL-5410 index guided laser, which has an aperture
of 4 µm, is shown in Fig. 2. The total power conversion
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the beam is 20° x 10° in the planes perpendicular and
parallel directions to the p-n junction.
Temperature increases in the diode cause an increase in
the index of refraction and a decrease in the maximum
gain energy, resulting in a shift in the diode emission
wavelength. Changes in the index of refraction change the
optical path length, resulting in a shift in the Fabry-Perot
resonance and subsequent small shifts in the emitting
wavelength. Wavelength changes in the gain peak vary at a
rate of about 0.3 nm/° C , which typically results in several
mode hops over a small ambient temperature range.
The spectral output of the SDL-5410 single stripe laser
is shown in Fig. 3. The single longitudinal mode has been
internally stabilized to minimize the mode hopping of the
laser. By increasing the discrimination between the longi
tudinal modes, the diode is able to operate on a particular
mode over a wide operating power range. For the diode
shown here, the spectrum does not experience a mode hop
over an output power range of 70 mW. By self locking to a
longitudinal mode, the diode lasing frequency becomes
less sensitive to thermal variations. These characteristics
are similar to those of distributed feedback lasers.
The spectral linewidth of these lasers has been mini
mized by high power operation and the reduction of noise
FIGURE 1. Light-current characteristics of single quan
resulting from mode competition. Measurements per
tum well laser diodes with apertures of 100 µm and 200 formed at N R L with the assistance of Ron Esman indicate
µm.
a linewidth of 1.5 M H z at an output power of 50 mW.
The linewidth decreases linearly with inverse power with a
slope of 62.2 M H z m W with an intercept of 380 k H z .
The measurement shows no indication of a linewidth
floor. This is the narrowest linewidth reported for FabryPerot lasers.
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Coherent arrays
Ideally, arrays of single mode lasers could be coupled to
produce several hundred milliwatts to several watts of co
herent single Gaussian beam radiation. Three elements are

FIGURE 2. Light-current characteristics of an SDL-5410
single stripe index-guided laser diode.

efficiency of this laser is as high as 5 0 % at an output pow
er of 75 mW, while the maximum power output available
prior to catastrophic degradation of the facet is as high as
450 mW.
The output of the SDL-5410 single stripe laser is a sin
gle Gaussian beam to an output power on the order of
180 mW. Above this level, the thermal distribution
changes the index profile of the waveguide, increasing the
index step and allowing the diode to operate in higher
order modes. Typical strehl ratios are 0.95. The rms phase
error of the diode has been measured to be less than 1/25
of a wave, making the SDL-5410 suitable for applications
that require diffraction limited sources. The divergence of
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FIGURE 3. Far field radiation and spectral output from
an SDL-5410 single stripe index-guided laser diode.

necessary to maintain a single diffraction limited Gaussian
beam from a monolithic array of lasers: (1) the phases of
the individual emitters need to be in-phase and stable with
increasing output power; (2) the emitters need to be con
figured to maximize the power in a dominant lobe, typi
cally the radiation lobe emitting normal to the facet; and
(3) the coherence has to be maintained across the array of
emitters.
The ultimate criteria for a laser array is the strehl ratio,
a measure of how the emitter compares to an emitter of
comparable size radiating in a Gaussian beam. Arrays
emitting in several lobes, even though each lobe is a
Gaussian, have a very low strehl ratio, and as a conse
quence very little of the power is useful. Arrays operating
in a single lobe that result from the overlap of several spa
tial modes also have a low strehl ratio. High strehl ratio
outputs can only be obtained from devices that have low
phase variation and high coherence across the array of
emitters and emit in a single radiation lobe.
The difficulty of locking arrays of emitters is in discrimi
nating against higher order modes over a large operating
range. A proper design for a laser array must include
mechanisms that are insensitive to or compensate for ther
mal and charge variations with increasing power. To
maintain discrimination between modes of the array, the
optical mode of the array should closely overlap the gain
distribution. Improper matching of the optical mode with
the gain profile will result in excess gain in regions of the
laser, increasing the gain of higher order modes.
Both index-guided arrays and gain-guided arrays have
been studied to produce single mode behavior. Gain-guid
ed arrays, which are susceptible to index variations and
spatial hole burning, are less likely to succeed for high
power reliability diffraction limited laser arrays. However,
index guided arrays have a built-in index distribution that
is predominantly insensitive to charge and thermal varia
tions. Arrays of index-guided lasers will be less susceptible
to degradation of the radiation pattern with thermal varia
tions occurring during the aging of the device.
Arrays of index-guided lasers can be coupled together
by (1) overlapping of the adjacent evanescent waves, (2)
diffraction into the adjacent waveguides, and (3) merging
of the adjacent waveguides in " Y " junctions. Of these
three techniques, the Y-junction coupling, or Y-junction
array, offers the greatest discrimination of the higher order
modes, a nearly uniform near field to match the uniform
gain profile, and a design that is insensitive to thermal
variations.
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The ultimate criteria for a laser array is
the strehl ratio.

FIGURE 4. Waveguide pattern of a Y-junction laser diode
array with flared waveguides at the facet to increase the
nearfieldfillfactor.

Figure 4 indicates the waveguide pattern of a Y-junction
array. The light is coupled and then split between adjacent
emitters resulting in a high degree of communication be
tween the gain elements. The modal discrimination results
from constructive and destructive interference in the Yjunction. Light that enters the Y-junction in-phase con
structively interferes and experiences gain, while light that
enters the Y-junction out-of-phase destructively interferes
and experiences loss. The mode that operates with all the
emitters in-phase experiences the highest gain and will ra
diate at threshold.
The waveguides are expanded at the facet to allow the
near field to fill the aperture, increasing the near field fill
factor and reducing the power in the higher order diffrac
tion lobes of the array mode.
The near field pattern of the in-phase mode is also near
ly uniform, with only the outermost stripes on the larger
number of emitter side having their intensity reduced by a
factor of two. The high overlap with the uniform gain pro
file minimizes the excess gain not utilized by the in-phase
mode, stabilizing the output over a wide drive current and
operating temperature range.
Above threshold, the excess gain in the outermost
stripes increases the charge density in these waveguides,
decreasing the index of refraction. The change in optical
path length produces a phase shift, reducing the strehl ra
tio from unity to, in some cases, as low as 0.5. The phase
variations also reduce the modal discrimination of the Yjunction array.
The device in Fig. 5 radiates in a diffraction limited
beam with the majority of the power in the central radiaOPTICS NEWS • MARCH 1989
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tion lobe up to 50 mW. At an operating power of 100
mW, the laser radiates predominantly in the central lobe of
the in-phase mode, but additional power is radiated in the
out-of-phase mode. This is often a problem with coupled
arrays—at threshold the radiation pattern exhibits a high
strehl ratio, but eventually the power in the central diffrac
tion limited lobe saturates and any additional power is
radiated in higher order modes, even though the main
mode remains diffraction limited.
Another typical radiation pattern is exhibited in Fig. 6.
The width of the central radiation lobe is less than 2 X
that of a diffraction limited beam of the same aperture size
and the radiation pattern is stable with increasing power
to greater than 250 mW. The presence of the higher order
diffraction lobes in the radiation pattern is a consequence
of the emitter size and separation chosen in this experi
ment.
In summary, high power single mode laser diodes are
divided into two categories—single waveguide laser di
odes and arrays of single waveguide laser diodes. Single
waveguide lasers have been demonstrated to be efficient
single mode emitters up to 180 mW, with reliability at 100
m W for approximately 10,000 hrs. For applications re
quiring higher diffraction limited output power, multi-ele
ment index-guided laser diode arrays will be utilized to
increase the light output without increasing the power
density at the facet.

FIGURE 6. Far field radiation pattern of a Y-junction la
ser array with less than 2 X diffraction limited output at
250 mW output.

REFERENCES

FIGURE 5. Far field radiation pattern of a Y-junction la
ser array emitting in a diffraction limited, nearly single
lobed output
10

OPTICS NEWS • MARCH 1989

1. M . Sakamoto, D.F. Welch, G . L . Harnagel, W. Streifer, H . Kung, D.R.
Scifres, "Ultrahigh power continuous-wave monolithic laser diode ar
rays," A p p l . Phys. Lett., 52(26), 2220-2221 1988.
2. D. F. Welch, B. Chan, W. Striefer, and D.R. Scifres, " H i g h power, 8 W
cw, laser diode arrays," Electron. Letts., 24(2), 113-114 (1988).
3. D.F. Welch, M . Cardinal, W. Streifer, D.R. Scifres, and P.S. Cross,
" H i g h power, high brightness single quantum well laser array," Elec
tron. Letts., 23(23), 1240-1241 (1987).
4. R . D . Esman and L. Goldberg, "Simple measurement of laser diode
spectral linewidth using modulation sidebands," Electron. Letts.,
24(22), 1393-1394 (1988).
5. D.R. Scifres, R . D . Burnham, and W. Streifer, "Continuous wave high
power, high temperature, semiconductor laser phase-locked arrays,"
A p p l . Phys. Lett., 41, 1030-1032 (1982).
6. J . Katz, S. Margalit, and A . Yariv, "Diffraction coupled phase-locked
semiconductor laser array," A p p l . Phys. Lett., 42, 554 (1984).
7. W. Streifer, D.F. Welch, P.S. Cross, and D.R. Scifres, "Y-junction semi
conductor laser arrays: Patr I—Theory," Journ. Quant. Electr., Q E 23(6), 744-751 (1987).
8. D.F. Welch, W. Streifer, P. S. Cross, and D.R. Scifres, "Y-junction
semiconductor laser arrays: Part II—Experiments," Journ. Quant.
Electr., QE-23(6), 752-756 (1987).

