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ABSTRACT

High-power semiconductor lasers with good beam quality are important for many applications. Angled broad-area
waveguide structure could increase the output power and the beam quality is maintained at good quality. In this paper, we
report the in-depth investigation on the geometrical factors that influence the performance of angled broad-area
semiconductor lasers. The angled broad-area laser diodes are based on InGaAsP/InP materids. The waveguide is
oriented at an angle from the normal of the cleaved facets. Our investigation shows that the waveguide width, the device
length, and the tilted angle have to follow a certain relation in order to have the light propagate dong a zigzag path insde
the broad-area waveguide. When such a mode oscillates, the output light emits along the norma of the cleaved facet,
showing no filamentation. Over 1 W of output power can be obtained with a good beam quality. Our investigation also
discovers that devices with 100 2 m waveguide width perform better than devices with 50 (2 m waveguide width.
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1. INTRODUCTION

High-power laser diodes offer a variety of advantages compared to gas or solid-state lasers such as small dimensions,
low prices, and high efficiencies'. Many applications like material treatment, spectroscopy, and pumping of solid-state
lasers and fiber amplifiers are possible using these high-power broad-area laser diodes’. Furthermore, high-power
broad-area laser diodes can easily be fabricated in large quantities, offer high powers, and are available for a large
spectral range. Broad Area Diode Lasers are high power diode lasers with output power values in the order of thousand
milliwatts. In comparison to conventional Fabry Perot Diode Lasers, the emitter width is enlarged from typically ~3 -7 ¢
m up to ~50-200 1z m>. Broad area diode lasers are spatially and longitudinally multimode mode®. Typical geometrical
sizes of the laser chip are 1000 ¢z m x 500 1z m x 200 ¢ m (length x width x height). The laser chip is grown by metal
organic vapor phase epitaxy (MOVPE) of compound semiconductor material. The optical gain is provided by double
heterostructure which include several quantum wells for electronic confinement. The surfaces of the laser chip act as
cavity mirrors dueto the difference of the refractive index of the laser material and the surrounding air.

To make a diode laser emit optical power at thousands of milliwatts, the emitting facet must be large enough to
prevent catastrophic optical damage (COD). Even with a high COD threshold (10MW/cm?)®, the emitting facet is
required to be large to make COD threshold three times higher than the optical intensity for 1 watt operation. Thus, a
high power diode laser is usualy broad and flat. More than 30 ¢z m broad emitting facets are necessary for watt-range
operation®. But the broad-area waveguide leads to the small difference of the threshold gain between the high-order
modes and the fundamental mode’. In addition, the nonlinear interaction between carriers and light will produce
filamentation of optical power distribution®°. All these reasons make high-order transverse modes excited in broad-area
Fabry-Perot laser diodes and the spatial coherence of emissions on every part of the facets is poor. It is important to
resolve the filamentation problem and investigate a new type of semiconductor laser that can provide high power and the
beam quality is maintained at good quality.

In this paper, we investigate a new type of broad area laser diodes that is capable of emitting good beam quality with
watt-range output power and with good beam quality. For the new design of the waveguide, the laser diodes are
fabricated with a broad-area waveguide that is oriented at an angle from the facet normal. Here we report the in-depth
investigation on the geometrical factors that influence the performance of angled broad-area semiconductor lasers. The
structures of the devices and the fabrication processes will be described in detail. Then, the measurement results of the
laser diodes such asL-I curves, spectra, near fields and far fidlds will be described.
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2. Device Structure

The fabrication of the device is a four-mask process. The laser diodes are fabricated on the wafer with multiple
guantum wells (MQWSs) designed for the wavelength at 1.3z m. Unlike conventiona Fabry-Perot laser diodes, the
waveguide direction is not perpendicular to the cleaved facet, but tilted at an angle. The devices have a double channel
ridge waveguide created by reactive ion etching (RIE). The process gases are CH, and H,. The channd button is
100nm~200nm above the undoped optical confinement layer. After the waveguide fabrication, silicon oxide grown by
plasma enhanced chemical vapor deposition (PECVD) is used as the insulating dielectric. The contact meta is Ti/Pt/Au
on the p-side and AuGe/Ni/Au on the n-side. No coatings are applied. After processing, the devices are cleaved apart.
The cleaved device must be mounted on a copper heatsink for temperature control and ease of handling. The device is
soldered on the heatsink by indium. The geometrical structure of the device is shown in Fig.1. W is the width, L is the
length and & isthetilted angle of the waveguide. L' is the length of the device. In the fabrication, ¢ =7", W=50 ¢ m,
L'=800 1z m, 1000« m, 1200 iz m length devices are cleaved, respectively. Another type of deviceis 6 =6",W=100 ¢ m,
L'=1960 ¢z m.

Figure 1. Structure of the laser diode. W isthewidth, L isthelengthand @ isthetilt angle of the waveguide. L' is the length of
the device.

3. Device Performance

Light-current (L-1) curve, spectrum, near field and far field are necessary to characterize a semiconductor laser. For
a laser diode, operation threshold and efficiency are of great concern and can be obtained from L-I curve. The output
beam quality is evaluated by measuring the near field and the far field. The spectral properties such as central wavelength
and bandwidth can be obtained from spectrum. The devices with 50 ¢ m waveguide width are first introduced. The
waveguide istilted at 7'from the facet normal. The lengths of these devices are cleaved in 1200 ¢z m, 1000 ¢z m and 800 1
m, respectively. Fig. 2 shows the L-I curve of the laser diodes. The threshold current of these devices is 1.2Amp. The
devices have three regions of operation. The details of each region will be discussed in the following. Fig.2 shows the L-I|
curves of 1200 iz m, 1000 2 m, and 800 1 m, respectively.

The laser diode with 50 12 m waveguide width and 1200 iz m device length isfirst described. Asthe current is below
0.6Amp, the output power is very low. Only 2mW output power is measured even when the pumping current is 0.5Amp.
Fig. 3 shows the spectra of the 1200 1~ m device. As the injection current is 0.5 Amp, the spectrum is broad with a full
width at the half maximum (FWHM) of 42nm. The spectrum indicates that there is no oscillation in this region of
operation. Fig. 4 and Fig. 5 show the near field and far field patterns of this device, respectively. When the current is 0.5
Amp, the FWHM of the near-field distribution is about 30 1z m and is mainly emitted from the waveguide region at the
cleaved facet. The corresponding far field is emitted toward the same side of the waveguide relative to the facet normal.
The peak of thefar field isat 27°from the facet normal. Thisfar field has a broad angle with the horizontal FWHM of 22°
at 0.5Amp pumping current. The behaviors are similar for the current below 0.6Amp. It indicates that below 0.6Amp, the
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light path is approximately along the waveguide direction. Thus the output light is emitted at 24° from the facet norma
according to the Snell'slaw.
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Figure 2: L-1 curves of the devices with 50 ¢~ m waveguide width and () 1200um (b) 1000pm and (c) 800um device length

As the pumping current is between 0.6Amp and 1.2Amp, the emission power significantly increases with the
injection current. The output power is up to 40mW as the current is 1.2Amp. In this region of operation, the emission
spectrum shrinks dightly. Fig. 3 (b) shows the spectra of the device at 1ZAmp. The FWHM of the spectrum is 26nm. Fig.
4 (b) and Fig. 5 (b) are the near field and far field patterns of this device at 1JAmp, respectively. The near field dightly
broadens and mainly distributes within the waveguide with a FWHM of 35 1 m at the facet.
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Figure 3: Spectra of 1200um device length at (a) 0.5A, (b) 1A, and (c) 6A
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Figure4: Near fields of 1200um device length a (a) 0.5Amp (b) 1ZAmp and (c) 6Amp
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Figure5: Far fields of 1200um device length at (a) 0.5Amp (b) 1Amp and (c) 6Amp

When the current is 1Amp, the horizontal far field has FWHM angle of 15°, which shrinks dightly in comparison
with the measurement for current below 0.6Amp. The reduced spectra width, the increased output power, and the
reduced far-field angle indicate that the light is amplified asit propagates a ong the waveguide because of the significant
amplified spontaneous emission. As the pumping current is between 0.6Amp and 1.2Amp, the L-I curve also shows that
the light power has significantly super-linear increases with the injection current. However, the device is not oscillating
because the light path along the tilted waveguide provides no feedback in this region of operation. The high power and
the broad spectral width make this device in this operation region a good candidate of high-power superluminescent
diodes (SLDs). Asthe current is 1Amp, the light beam is emitted at 25'from the facet normal. It gtill satisfies the Snell's
law. The reason for the reduced angle of peak emission is due to the carrier-induced reduction of refractive index at an
increased injection current level.

When the current is beyond 1.2Amp, the laser oscillation begins. Output power of this device can increase up to 1
watt as the pumping current is 12Amp. The differential efficiency of this device is 0.12mW/mA per facet. Above the
threshold current of 1.2Amp, the spectrum becomes very narrow. Fig. 3(c) shows the spectra of the device at 6Amp. The
lasing wavelength is centered at 1325nm with a FWHM spectral width of 3nm. The spectrum above the threshold
actually consists of many Fabry-Perot modes with the spectral spacing of 0.198nm. Fig. 4(c) shows the near field for the
pumping current of 6Amp. The near field further broadens and distributes in a region wider than the waveguide.
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However, the major power is still within the waveguide. The FWHM of the near field pattern is 42 . m. The far field
emits along the normal direction of the cleaved facet when the operation current is above 1.2 Amp. Fig. 5 (¢) shows the
far field pattern of the device for the pumping current of 6Amp. The horizontal FWHM of the far field pattern is 4.5".
Thisangle is only twice of the diffraction-limited value corresponding to the near field shown in Fig. 4(c). Fig. 5(c) also
showsthat a sidelobeis at 24°from the facet normal and the FWHM angle of thislobeis 15'. In the L-I curve experiment,

the brightness of both the normal 1obe and side |obe are taken into account. The reason of the side lobe will be discussed
later.

Fig. 6, Fig. 7 and Fig.8 show the spectra, near fields and far fields of the device with 50 ¢ m waveguide width and
1000 1« m length device at different injection current. Fig. 9, Fig. 10 and Fig.11 are the spectra, near fields and far fields
of the 800 z m length device at different injection current. Compare the results of 1000 ¢ m and 800 ¢z m length device
with 1200 ¢ m length device, the threshold current, differential efficiency, spectra and near fields are similar. However,
the far field is different from the 1200z m length device as the current is above threshold. The ratio of side lobe to
normal lobe of 800 ¢ m length device and 1000 iz m are smaller than that of 1200 1 m. It indicates that the device length
influences the far field patterns. Asthe device is operated above the threshold current, the measured spectrum of the 1000
« m device consists of many modes with the spectral spacing of 0.247nm. It indicates that the optical-path length is 1015
«m, which islonger than the device length. Thus the light path is zigzag instead of straight path oscillation. The mode
spacing of 1200 1 m device length is 0.198nm. It indicates that the optical-path length is 1219 1z m. The mode spacing of
800 2 m is 0.3nm, the optical-path length is 817 ¢ m. From these results, the light path is zigzag instead of straight path
oscillation.
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Figure 6: Spectra of the 1000um device at (a) 0.5A, (b) 1A, and (c) 6A
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Figure 9: Spectra of the 800um device at (a) 0.5A, (b) 1A, and (c) 6A
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Figure 11: Far fields of 800um device at (8) 0.5Amp (b) LAmp and (c) 6Amp

Another new type of high-power laser diodes with angled broad-area waveguide is a so fabricated. The waveguide
istilted at 6'from the facet normal and the width of waveguide is 100 ¢ m. The lengths of these devices are cleaved in
1960 2 m. The L-I curves, spectra, near-field patterns and far-field patterns of the angled broad-area laser diode are
measured. Fig. 12 (a) shows the L-I curve of thislaser diode. The threshold current of this device is 1 Amp. The dope
efficiency is 0.15W/A. The output power can achieve 1W per facet when the current is 8Amp. The spectrum above the
threshold is shown in Fig. 12 (b). The lasng wavelength is centered at 1.3 ;#m with a FWHM spectra width of 10nm.
The measured spectrum consists of many modes with the spectra spacing of 0.122nm. It indicates that the optical-path
length is 1978 x m. Near-field patterns and far-field patterns are a'so measured. Fig. 13 (a) shows the near-field pattern
and Fig. 13 (b) shows the far-field pattern of the device. From the near field, it shows that the output light is mainly
emitted from the waveguide region. The width of the near-field distribution is around 40 ¢« m. No filamentation is
observed. The corresponding diffraction-limited angle of the far field is 2.27". As the pumping current is above the
threshold current, the light beam emits from the facet normal. The far field pattern shows that light does not go along the
tilted waveguide. Ingead, it goes straight out of the facet. The FWHM of the far field is 4.2°, which correspondsto 1.85
times of the diffraction-limited value of the near-field pattern.
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Figure 13: (a) Near field and (b) far field of 100 ;2 m waveguide width and 1960 ;2 m device length laser diode

4. Discussion

To estimate the optical-path in the waveguide, the formula D = 42/ 2nA % is used, where A is oscillation
wavelength, D is the optical-path, nistherefraction index of the waveguide and A A isthe mode spacing. The factor n
is first determined by the mode spacing measurement of a 1.31 ¢ m wavelength and 700 ¢ m long Fabry-Parot |aser
diode. The mode spacing of 700 ;2 m device length is 0.35 nm. Then the refraction index n=3.5 can be obtained by using
D= A?/2nA % formula The mode spacing of 1200 m device length is 0.198nm. It indicates that the optical-path
length is 1219 ¢ m. The mode spacing of 1000 ¢ m device length is 0.247nm. It indicates that the optical-path length is
1015 m. The mode spacing of 800« m is 0.3nm, the optical-path length is 817 . m. The results show that the
optical-path length islonger than the device length. Thus thelight path is zigzag instead of along the waveguide direction.
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For such a mode to oscillate, the device length should be properly chosen to satisfy the zigzag path™. The optical-path
length would be D=2mW/sin( &), the waveguide length would be L=2mWcos( & ) / sin( 8, and the device length would
be L'=2mWocos( 8 ) / tan( 8 ), wherem is any positive integer. m=1 meansthat light in the waveguide is reflected twice at
the waveguide boundary. Too long or too short waveguide for the devices will cause some portion of the output beam to
emit toward other directions. For W=50 ¢ m and & =7", L' should be 808« m. Therefore, Fig. 5 (c) shows that the far
field of a 1200 ;2 m length device has the side |obe emitted at about 24°from the facet normal because some portion of the
light still propagates along the waveguide instead of the zigzag path. The side lobe almost vanishes for the 800 m
device. This kind of light path can average out the fluctuation induced by the interaction between carriers and light, so
filamentation is significantly reduced. Compare 50 1z m waveguide width ¢ m with 100 ¢z m waveguide width device, the
dope efficiency of 100 ¢« m waveguide width is 0.15W/A and the dope efficiency of 50 x m waveguide width is
0.12W/A. It shows that devices with 100 1z m waveguide width perform better than devices with 50 ¢ m waveguide width.
For the magnitude of the tilted angle of the waveguide is considered, the tilted angle & should be properly chosen to
satisfy the formula L'=2mWcos( &) / tan( ).

5. Conclusion

In conclusion, a new type of angled broad-area waveguide laser diodes is fabricated on a substrate with MQWs
designed for 1300nm. These device lengths are 1200 ¢z m, 1000 » m, and 800 1 m. The waveguide is 50 z m wide and
tilted at 7°from the facet normal. The devices have three regions of operation. For the injected current between 0.6Amp
and 1.2Amp, it behaves like a SLD with a spectral width of about 40 nm and the output power of 40 mW. Without facet
coating, asthe current is above 1.2Amp, this device oscillates and could emit 1 W output power per facet at 12Amp. The
far field pattern has direction changes between below and above the threshold current. When the device is oscillating, the
far field emits along the facet normal. The horizontal far-field angle is only twice of the diffraction-limited value.
Compared with conventional broad area waveguide lasers, the near field patterns of angled broad area lasers are
smoother and almost free of filamentation. No DFB or photonic-crystal structures are required, the fabrication is much
simpler and suitable for mass production. A 100 ¢z m waveguide width angled broad-area semiconductor laser has also
been fabricated. The device perform better than devices with 50 ;z m waveguide width. It could emit 1 W output power
per facet at 8 Amp. Under proper design of the geometrical factors, the beam quality is good and the near field shows no
filamantation. The horizontal far-field angleis only twice of the diffraction-limited value.
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