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To obtain high-power semiconductor lasers with stable operation in a single longitudinal mode and improve the characteristics of
the output beam, an end-emitting surface second-order metal grating distributed feedback (DFB) laser emitting at around 940 nm
is fabricated. The characteristics of the uncoated devices with and without gratings are tested under room temperature continu-
ous-wave conditions without any temperature-control device and compared. The devices with gratings achieve high powers of up
to 385 mW/facet and a small lateral far-field angle of 2.7° at 1.5 A, have only 4.13 nm/A wavelength-shift, and 0.09 nm spectral
linewidth at 600 mA, and operate in a stable longitudinal mode. Devices without gratings operate in multimode, with a larger
lateral far-field angle (7.3°) and spectral linewidth (1.3 nm), although with higher output powers. Because of the integration of
second-order metal gratings and their very high coupling capability, the output beam quality is improved greatly, the lasing wave-
length is stable and varies slowly with changes in injection current, while the spectrum is narrowed dramatically, and the far-field
angles are greatly reduced. This opens the way for the realization of watt-scale power broad-stripe (>100 um) surface second-
order metal grating end and surface-emitting DFB lasers and arrays with single frequency, single mode operation and high output

beam quality.
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High power broad-stripe lasers are widely used as pump
sources for solid-state lasers, fiber lasers and fiber amplifi-
ers. In particular, lasers emitting at 940 nm are widely used
to pump Yb**:YAG solid-state lasers, and Yb-doped fiber
lasers and fiber amplifiers, which require high power, a sta-
ble lasing frequency, small far field angles and narrow spec-
tral linewidth. However, conventional broad-stripe lasers
have clear deficiencies in their performance, because of a
spectral linewidth of 2-4 nm, a wavelength shift with tem-
perature of approximately 0.3 nm/K and large wavelength
changes with increasing current and aging time [1]. Also,
the overall beam quality is poor. These deficiencies limit the
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direct applications of high power broad stripe lasers. Several
approaches have been used to stabilize the emission wave-
length, narrow the spectrum and improve the output beam
quality of these pump lasers, all of which were based on
establishing spectrally selective feedback, such as the com-
bination of an external collimation lens and a volume Bragg
grating (VBG) [2—4], external fiber Bragg gratings (FBG)
[5-10] and distributed feedback gratings integrated into the
laser chip (DFB laser) [11-13]. However, the requirement
for a collimating lens and alignment of the VBG and FBG
makes both of these approaches complex and expensive.
Diode lasers with internal Bragg gratings need no other ex-
pensive parts or external adjustment and have the advantages
of a dynamic single mode, compact size, and integration
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capability [11-13], which makes broad-stripe DFB lasers
potentially attractive. In this paper, broad-stripe DFB lasers
with large-area surface second-order metal gratings are pro-
posed. Second-order DFB lasers can eliminate the degener-
ate modes of conventional first-order DFB lasers, achieve
single mode operation and improve the beam quality, de-
pending on the two diffraction orders of the second-order
grating. Surface metal gratings, when compared to dielectric
gratings, have the advantages of grating fabrication without
epitaxial re-growth and thermal impedance minimization.
The method used in this paper can also achieve batch pro-
duction.

In this paper, we fabricated the end-emitting lasers with
surface second-order metal gratings and without gratings,
both emitting at around 940 nm, using holographic photoli-
thography and wet etching technologies, and compared the
emission characteristics of the devices after experimental
testing under continuous wave and room temperature condi-
tions and without any temperature control device.

1 Device structure and fabrication

The wafer structure for fabrication of the 940 nm DFB lasers
with surface second-order metal gratings is a traditional
edge-emitting semiconductor laser structure and is com-
posed of eight layers: a 200 nm GaAs cap layer, a 50 nm
Galng 49P smoothing layer, a 1 pum p-Aly,Galng 4P cladding
layer, a 0.4 um p-Galng 4P guiding layer, a 19 nm Galng;As
active layer, a 0.4 um n-Galng4P guiding layer, a 1 pm
n-Aly,Galng 4P cladding layer, and the n-GaAs substrate
layer.

The schematic diagram of the 940 nm surface second-
order metal grating DFB laser is shown in Figure 1. We
fabricated end-emitting lasers with surface second-order
metal gratings and without these gratings. For an emitting
wavelength of 940 nm and large area (960 pmx142 pm)
gratings, the period of the first-order grating exceeds the
diffraction limit of the holographic light, so holographic
methods cannot be used, and using electron beam direct
writing to fabricate large-area gratings needs several splices
and would introduce uncontrollable stitching errors. We
therefore used holographic photolithography to fabricate
large area (960 pmx142 pm) second-order gratings.

The fabrication processes were as follows. First, a 200 nm-
thick SiO, film was deposited on the cap layer. Then, a stripe
groove (960 pmx142 pmx950 nm) was obtained by photo-
lithography and wet chemical etching, with 200 nm SiO,,
200 nm GaAs, 50 nm GaIn0'49P and 500 nm Alo‘zGaIrlOAgP
layers etched in turn. Then, the holographic exposure and
wet etching methods were used to fabricate second-order
gratings in the stripe groove, with grating area of 960 pmx
142 pm, grating period A=287 nm, grating depth d,=70 nm,
and grating duty cycle o=b/A=0.35. After fabrication of the
gratings, AuGeNi was deposited on the n-side and annealed
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Figure 1 (a) Schematic representation of the surface second-order metal
grating DFB laser with 1 mm cavity length, and 142 pm wide ohmic con-
tact groove; (b) schematic cross-section of the laser.

at 400°C. Then, 20 nm Ti/20 nm Pt/200 nm Au layers were
deposited on the p-side to form the Au/Alj,Galng 4P grat-
ings and also pattern the p-contacts, but without annealing
to ensure a large index difference at the metal/semiconductor
interface. Devices were fabricated both with the Bragg
gratings and without gratings, and the total cavity length
was L=1 mm, so that the only fabrication difference be-
tween the two types of devices is the presence or lack of a
grating structure.

Figure 2(a) shows the scanning electron microscopy
(SEM) image of the grating profile, and Figure 2(b) shows
the three-dimensional atomic force microscopy (AFM)
graph. The grating period is 287 nm, and the grating depth
is 70 nm. The profile shape lies in an area between trape-
zoidal and sinusoidal. The distribution of the grating fringes
is very uniform, and the grating morphology is clear. The
gratings are located at the metal/semiconductor interface in
the p-Alp,Galng4P cladding layer. A large built-in index
difference exists at this interface, which can provide a high

Figure 2 (a) SEM image of the grating profile after wet chemical etching;
(b) three-dimensional AFM morphology of the grating profile.
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coupling capability and control the optical mode and stabil-
ity [13] to obtain the laser output with a single frequency
and a single mode.

2 Results and discussion

The end-emitting characteristics of the uncoated lasers with
surface second-order metal gratings and those without grat-
ings were tested under continuous wave (CW) and room
temperature conditions without any temperature control
device, and the results were compared. The surface-emitting
characteristics of the DFB laser are not measured, because
the first-order diffraction of the second-order gratings,
which causes the 90° radiation losses and provides the sur-
face-emitting laser output, is lost as dissipation in the metal,
and there is no window for surface emission. The experi-
mental results are shown in Figures 3 and 4.

Figure 3(a) shows the CW light-current, I-V and far-field
profiles of the DFB laser with the surface second-order
metal gratings at a current of 1.5 A. The threshold current is
0.32 A, and the slope efficiency is 0.4 W/A. The optical
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Figure 3 (a) CW light-current and /-V characteristics. Inset: normalized
far-field profiles at a current of 1.5 A. (b) Emission spectrum measured at
different currents for DFB laser with surface second-order metal gratings at
room temperature. Inset: spectrum measured at 600 mA using Ando
AQG6315B Spectral Analyzer.
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power is as high as 385 mW/facet, the lateral far-field angle
(FWHM) is less than 2.7° and the vertical far-field angle
(FWHM) is only 16.7°. Both far-field angles are small, be-
cause the second-order metal gratings limit the operation of
the modes to confine and outcouple the output beam over
the emitting aperture. Figure 3(b) shows the emission spec-
trum measured from 0.9 to 1.5 A with steps of 0.3 A using an
USB2000+VIS-NIR spectrometers from Ocean Optics with
0.35 nm resolution. The spectral linewidth (FWHM) is less
than 0.5 nm at a current of 1.5 A, and the maximum central-
wavelength shift with current is only 4.13 nm/A from 0.9 to
1.5 A. The spectrum measured at a current of 600 mA using
an Ando AQ6315B spectral analyzer and a 6 pm core diam-
eter fiber with 0.02 nm resolution shows that the DFB laser
operates in a single longitudinal mode, the side mode sup-
pression ratio (SMSR) is 20 dBm, and the spectral linewidth
is 0.09 nm. The second-order grating plays a triple role,
providing feedback, outcoupling and mode selection. Be-
cause of their high coupling capability, the contribution of
the surface second-order metal gratings to obtaining
high-power semiconductor lasers with stable operation in a
single longitudinal mode and to improving the characteris-
tics of the output beam are very prominent.

Figure 4(a) shows the CW light-current, /-V and far-field
profiles of the laser without gratings at a current of 1.5 A.
Both devices show large ohmic resistance of 0.23 Q, be-
cause of the low doping of the p-cladding layer replacing
the cap layer as the contact layer, and the surface oxidation
of Al also leads to a high resistance. The optical power is
nearly 600 mW larger than that of the DFB lasers, but the
lateral far-field angle is 7.3° and the vertical far-field angle
is 36°, which are both worse than for the DFB lasers. Figure
4(b) shows the emission spectrum from 1 to 2 A with steps
of 0.5 A. The laser without gratings operates in multimode,
the spectral linewidth is 1.3 nm at a current of 1.5 A, and
the central wavelength shifts with current for the fundamental
mode and the higher order mode are 14.72 and 19.52 nm/A,
respectively. As discussed above, the advantages of the
DFB lasers are highly significant.

3 Conclusions

In conclusion, we have produced a 940 nm broad-stripe
surface second-order metal grating DFB laser with up to
385 mW CW output power, a 2.7° small lateral far-field
angle, 0.09 nm spectral linewidth, and operating in a stable
single longitudinal mode. Because of the integration of the
second-order metal grating and its very high coupling capa-
bility, the output beam quality is improved greatly; the las-
ing wavelength is stable and varies slowly when the injec-
tion current changes, the spectrum is narrowed dramatically,
and the far-field angles are greatly reduced. This opens the
way for the realization of watt-scale high-power broad-stripe
(>100 pum) surface second-order metal grating end and surface-
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