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A B S T R A C T

Single-longitudinal-mode gain-coupled distributed feedback (DFB) lasers based on high-order gain-coupled
surface gratings emitting at 770 nm window are implemented. The periodic surface metal p-contact with
insulated grating grooves realizes a gain coupled mechanism. Our devices provided a single longitudinal mode
with the maximum CW output power up to 116.8 mW@400 mA with facet coated (HR>99%, AR<0.5%), 3 dB
linewidth is 0.26 pm and SMSR is 36 dB. Due to easy-to-manufacture technology and stable performance, it
provides a practical gain-coupled distributed feedback laser emitting at 770 nm region manufacturing method
for commercial applications.
. Introduction

Distributed Feedback (DFB) semiconductor laser is compact and
rovides a high degree of spectral selection [1], could be applied
n many fields, such as spectroscopy [2], pumping sources [3], ma-
erial processing [4], integrated optics [5], and lidar [2,6,7]. The
aser emitting at 770 nm which corresponds to the transition lines
f Mg, K, Fe, Ni and other atoms, has many applications [8], such
s, helioseismology studies using resonance cells [9], the estimation
f solar atmospheric parameters [10], and pumps for alkali metal
tomic clocks [11]. However, even though the wavelength around 780
m [12,13] and 785 nm [14,15] DFB lasers are reported, 770 nm
FB lasers remain unexplored except for the DBR arrays [16] and the
ECSEL arrays [17].

DFB lasers can be divided into refractive index-coupled and gain-
oupled DFB lasers according to the coupling type. A problem inherent
n index-coupled DFB lasers with uniform refractive index is the gen-
ration of two degenerate modes [1]. The introduction of phase shift
rating could effectively eliminate mode degradation [18], but may
uffer from space hole burning (SHB) at high output power [19,20].

In previous studies, we reported gain-coupled DFB (GC-DFB) laser
ased on periodic gain (or loss) is another solution to obtain single lon-
itudinal mode [21,22]. The implementation of the gain-coupled mech-
nism could eliminate mode degradation [23], achieve high single-
ode yield [24], be facet immunity [25], and be insensitivity to

xternal feedback [26]. Compared with the index-coupled DFB which
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require secondary epitaxial growth technology and holographic lithog-
raphy technology [13], this method offers a new way to fabricate single
longitudinal mode DFB lasers that are at the same power level as
commercial products [27,28].

In this paper, a regrowth-free GC-DFB laser based on gain-coupled
high order surface gratings emitting at 770 nm region was demon-
strated. The combined effect of the periodic surface high-order gain-
coupled gratings and the insulated grating grooves fabricated only by
i-line lithography would cause a periodic injection of current, resulting
in gain contrast in the quantum wells, forming a gain coupled mech-
anism [21]. Stable, single-longitudinal-mode and high SMSR (36 dB),
and 3 dB linewidth (0.26 pm) were achieved. The SMSR was better than
that of other high-order surface gain-coupled gratings [22,29]. The GC-
DFB laser was emitting at 770 nm, which is attractive for atomic clocks
for potassium D1 lines [11]. Due to easy-to-manufacture technology
and stable performance, it provides a practical gain-coupled distributed
feedback laser manufacturing method for commercial applications.

2. Structure and fabrication

The chip structure of the laser is shown in Table 1. The devices used
AlGaAs double quantum wells (QWs) emitting at 770 nm as the gain
material.

A schematic diagram of the DFB laser is shown in Fig. 1(a). The
active region of the DFB laser are double quantum wells of AlGaAs.
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Fig. 1. (a) Device schematic; (b) Scanning electron microscope image of device.
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Table 1
Epitaxial structures for the 770 nm chip.

Material Structure Thickness (um) Type

GaAs Contact layer 0.2 P
Al(x)GaAs Buffer 0.05 P
Al(x)GaAs Cladding 1.1 P
Al(x)GaAs Waveguide 0.9 P
Al(x)GaAs Double quantum wells 0.0055*2 Undoped
Al(x)GaAs Waveguide 0.9 N
Al(x)GaAs Cladding 1.1 N
Al(x)GaAs Buffer 0.05 N
GaAs Substrate N

The ridge width is 6 μm. The surface gratings period is 9.02 μm. The
idth of the gratings grooves filled with silica is 3 μm. The grating
tched depth is designed to be 800 nm (fabricated as 786 nm), and the
otal etched depth is designed to be 1500 nm (fabricated as 1487 nm).
ig. 1(b) is the scanning electron microscope image of the device. As
hown in Fig. 1, periodic p-contacts and periodic gratings insulated
y silica caused periodic injection current. The periodic injection of
urrent into the surface grating causes the nonuniform distribution of
arriers and current densities in the quantum wells, thereby forming a
ain contrast and a gain coupled mechanism in the quantum wells, as
hown in Fig. 2. Considering the gain-coupled effect and index-coupled
ffect both introduced by surface gratings’ grooves, we should carefully
esign to avoid too much index coupling effect to prevent high order
cattering, which may cause additional optical losses and increase the
hreshold.

𝜅 represents the coupling coefficient [21]:

= 𝑘0𝛤 (𝛥𝑛
sin( 𝑙𝜋𝛬 𝐿𝑔)

𝑙𝜋
+ 𝑖

𝛥𝑔
4𝑘0

) (1)

Where, 𝑘0 = 2𝜋∕𝜆0 is the vacuum wave number for the vacuum
wavelength 𝜆0. 𝛤 is the optical confinement factor of the etched
grooves in our device. 𝛥𝑛 is the refractive index change in the waveg-
uide. 𝐿𝑔 represents the grating’s groove width. And 𝛬 is the period for
the 𝑙 order grating (𝛬 = 𝑙𝜆∕2𝑛eff ). 𝛥𝑔 represents the gain/loss change
in the waveguide.

To calculate coupling coefficient 𝜅, we need to know the values of
𝛤 , 𝛥𝑛, and 𝛥𝑔, as shown in Eq. (1), where 𝛤 = 0.002 is the optical
confinement factor of the etched grooves in our device, and 𝛥𝑛 = 0.0004
are calculated by the commercial software COMSOL Multiphysics. As
𝛥𝑔 = 199∕𝑐𝑚, calculated by PICS3D as shown in Fig. 2(c), is the gain
change in the waveguide. Substituting the above values into Eq. (1),
2

we can get 𝜅 = 4.80×10−5+9.95×10−2𝑖 (cm−1). The real and imaginary
parts of 𝜅 are not 0, but the ratio of real and imaginary parts of 𝜅 is
nly 4.82 × 10−4. Considering that the injected current would change
he refractive index, a simulation was carried out by using PICS3D, as
hown in Fig. 2(d). The maximum refractive index variation within the
uantum well is only 0.0000884, the 𝜅L brought by the index variation

is only 1.06*10−5, which is much weaker than the refractive index
coupling effect caused by the surface grating. Meanwhile, the total 𝜅L
is 5.86*10−5 considering all together with the surface etching induced
index coupling effect. Compared with the generally single-longitudinal-
mode index-coupled DFB semiconductor laser, it is usually greater than
1 [18], and even the multi-longitudinal mode index-coupled DFB laser
has reached 0.3 [30]. These mean that the strength of the refractive
index-coupled is negligible, and the laser is a gain-coupled DFB laser.

3. Result and discussion

The power–current–voltage characteristics at continuous-wave (CW)
operation at 20 ◦C are shown in Fig. 3(a). The DFB laser cavity length
is 1 mm with facet coating (HR>99%, AR<0.5%). The maximum CW
power of coated DFB lasers at single longitudinal mode operation
was up to 116.8 mW at 400 mA, which is better than the laterally-
coupled ridge-waveguide (LC-RWG) surface gratings of the DFB lasers
reported by [31]. The slope efficiency in the coated DFB lasers was
0.292 W/A. As shown in Fig. 3(b), the SMSR of coated DFB lasers
at single longitudinal mode operation was up to 36 dB measured
with a 5 μm core diameter fiber-linking YOKOGAWA AQ6370C optical
spectrum analyzer, which is better than that of other high-order surface
gain-coupled gratings [22,29].

As shown in Fig. 4, The single longitudinal mode lasing spectrum
of the laser in the injection current range of 200–400 mA is excellent,
and the side mode suppression ratios are all greater than 30 dB. And the
tuning range of wavelength vs current is from 770.27 nm to 772.27 nm,
and the total tuning range is 2 nm. As shows in Fig. 4 and Fig. 3(b),
there are many small peaks which can be observed with a typical
spacing of 0.069 nm, in addition to a main peak in the spectrum. This
value closely matches the expected mode spacing and the resonator
length of the device.

It can be seen in Fig. 4 that the lasing wavelength increases as
the current increases. During testing, only the bottom of the device
contacted the cooling source. The heat accumulation as the current
increasing tended to red shift the quantum well’s gain spectrum and
also caused an increase to the refractive index, both of these reasons
lead to the red shift of the lasing wavelength. In addition to the
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Fig. 2. (a) One-dimensional carrier density distribution in the quantum well for the etched grating devices and pure periodic anode devices without etched grating structures.
(b) One-dimensional current density distribution in the quantum well for the etched grating devices and pure periodic anode devices without etched grating structures. (c)
One-dimensional gain distribution in the quantum well for the etched grating devices and pure periodic anode devices without etched grating structures. (d) One-dimensional index
change in the quantum well for the etched grating devices.
Fig. 3. (a) Power–voltage–current characteristics, (b) The spectrum characteristics in CW mode from DFB lasers with 1 mm cavity length.
ain-coupled effect, the device also has a mode selection mechanism
rom the FP cavity. This mechanism has the effect of narrowing the
inewidth, meanwhile causing the tuning wavelength discontinuities, as
hown in the third and fourth spectral lines in Fig. 4. Since our gain-
oupled effect is relatively weak, it actually only serves as a supporting
ole in mode selection from the FP modes.
3

Fig. 5 shows the linewidth pattern of the coated DFB laser device
measured by coupling the collimating laser into a Fabry–Perot (FP)
interferometer (Thorlabs, 260SA200-8B). The Fabry–Perot (FP) inter-
ferometer’s free spectral range is 10 GHz. So we can get from the figure
that the 3 dB spectral linewidth of narrowband emission is only 0.26
pm (128 MHz) at full width at half-maximum (FWHM), which is better
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Fig. 4. Schematic diagram of spectrum changes with current.

Fig. 5. Linewidth pattern of the coated DFB laser device.

han the previous paper 3.2 pm [21]. However, since the resolution of
he instrument is 67 MHz, and 128 MHz is too close to this value, the
ctual linewidth may be even smaller.

. Conclusion

A single-longitudinal-mode gain-coupled without-regrowth DFB
emiconductor laser by only low-cost i-line lithography based on sur-
ace grating with a center wavelength of approximately 770 nm was
emonstrated. Due to easy fabrication technique and stable perfor-
ance, it provides a method of fabricating practical gain-coupled
istributed feedback lasers emitting at 770 nm window for commercial
pplications. Our coated devices with 1 mm cavity length could provide
table single longitudinal mode operation with the maximum CW
utput power up to 116.8 mW at 400 mA, which is better than the
aterally-coupled ridge-waveguide (LC-RWG) surface gratings of the
FB lasers reported in the letter by [30]. The SMSR of coated DFB

asers at single longitudinal mode operation was up to 36 dB emitting
t 770 nm region. The 3 dB spectral linewidth of narrowband emission
s only 0.26 pm at full width at half-maximum (FWHM).
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