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In order to obtain narrow linewidth semiconductor laser around 1564 nm, we design a distributed Bragg
reflector (DBR) laser with high-order Bragg gratings (HOBGs) using butterfly encapsulation. The DBR laser is
fabricated only by i-line lithography technology with grating period of 4. 84 pm, groove width of 1. 5 pm and
grating length of 72 pm on a strip width of 4 pm. The 1mm-long devices achieved an output power of 9.9 mW
and a side mode suppression ratio (SMSR) more than 30 dB without facet coating at an injection current of

80 mA. The lasers showed ultra-narrow Lorentz linewidth of 70 kHz. This paper provides a simple method for
large-scale production of narrow linewidth semiconductor lasers.

1. Introduction

Lasers operating in the wavelength region of 1.5-2 pm have a
high water absorption coefficient, which has high threshold power
of eye damage, and therefore it has an eye-safe characteristic [1-3].
What is more, it has the advantages of small sizes, high power, nar-
row spectral linewidth, and easy preparation. These advantages make
narrow linewidth semiconductor lasers around 15xx nm essential in
many important applications such as wavelength division multiplexing,
coherent communication, and laser radar [4-7].

In recent years, narrow linewidth semiconductor lasers around 15xx
nm have drawn considerable attention. The Tampere University of
Technology and the University of Ottawa reported the laterally-coupled
distributed feedback (DFB) laser achieving ultra-narrow linewidth laser
with an output power greater than 6 mW, SMSR greater than 50 dB
and single mode spectral Lorentz linewidth less than 200 kHz [8,9]. By
introducing several slot structures to the waveguide of a Fabry Perot
(FP) laser, Wang Yin of Zhejiang University produced a slot-Fabry Perot
(SFP) laser with a linewidth of only 80 kHz and an output power of 8
mW [10]. H. Yang et al. of the Tyndall National Research Institute,
reported a multimode interference waveguide (MMI) laser based on
teardrop structure, which achieved a narrow linewidth laser output
with a Lorentz linewidth of 75 kHz and an SMSR greater than 30
dB [11]. The University of Trinity also reported a narrow linewidth
laser using a regional slot structure [12]. The narrow linewidth semi-
conductor lasers reported above mostly relied on complex and ex-
pensive high precision lithography and secondary epitaxial technology
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which largely limit the large scale production applications of narrow
linewidth semiconductor lasers.

To solve these problems in this paper, a narrow linewidth high-order
grating DBR laser only using i-line lithography is designed by analyzing
the selection characteristics of HOBGs for DBR laser cavity modes.
Under injection current of 80 mA, the output power from each facet
is 9.9 mW, and the linewidth is only 70 kHz. A narrow linewidth laser
output with a SMSR more than 30 dB is achieved. It provides a simple
method which avoids the high cost and low yield problem brought by
the complicated and expensive electron beam lithography technology
and the secondary epitaxial technology for large-scale production of
narrow linewidth semiconductor lasers.

2. Laser structure and fabrication
2.1. The structure of devices

The schematic diagram of our device is shown in Fig. 1(a). The
vertical structure grown on n-InP substrate consists of a n-InP cladding,
n-AlGalnAs optical confinement layer, multi-quantum well active lay-
ers, p-AlGalnAs optical confinement layer, p-InP cladding and p-GalnAs
cap layer. The Inp/GalnAsP multi-quantum well (MQW) structure has
been grown by metal-organic chemical vapor deposition (MOCVD).
Fig. 1(b) shows several periodicities of the gratings under scanning
electron microscopy.
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Fig. 1. (a) Structure diagram of HOBGs DBR laser (b) scanning electron microscope (SEM) picture of HOBGs (c) SEM image of the enlarged grating portion.

2.2. The design of device

In order to obtain narrow linewidth emission, we design the grating
parameters using the commercial software COMSOL Multiphysics. In
the following equation, d, represents the period of gratings, d, is the
width of grooves and dj; is the etch depth of gratings [13]:
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where m and m, are integers, 4 is the mode gain peak, n,,, , and .,/ 4,0
are the effective refractive index of the material in the groove and the
average effective refractive index of the laser waveguide, respectively.

The effective refractive index of the laser material is calculated to
be 3.163417 by solving partial differential equations using COMSOL
Multiphysics. The HOBGs introduce perturbation into the effective
refractive index of the waveguide, and regulate the loss of the optical
mode in the resonant cavity so that the specific mode is strengthened to
greatly reduce the linewidth. We prepared HOBGs by i-line lithography
with a pattern resolution of about 1 pm. In the case of a duty cycle
of 69%, the groove width should not be less than 1 pm. According to
Egs. (1) and (2), we designed the HOBGs with a period dp of 4.84 pm
and a groove width dg of 1.5 pm using the transfer matrix method.
The reflectance spectrum at different etch depths is obtained as shown
in Fig. 2. When the m, is odd, the length of the HOBGs is an odd
multiple a quarter of the wavelength, and the highest reflectivity can
be achieved [14], thereby improving the feedback effect of the HOBGs
on the cavity. For Bragg gratings, the longer the gratings, the greater
the photon lifetime and the narrower the linewidth. But the length of
gratings cannot be too long, because it will increase quantum noise
and loss. So we must reasonably design the length of the gratings.
Therefore, we design the length of the HOBGs to be 72 pm. The effective
refractive index of the optical mode in HOBGs is closely related to
the etching depth of the grating. The deeper the grating is etched,
the higher feedback in the cavity will be received. The smaller the
effective refractive index of the optical mode in HOBGs is, the larger

index contrast between the HOBGs and the waveguide will be, and
higher loss can be achieved to make it easier to obtain narrow linewidth
device. However, the grating trench cannot be over-etched, otherwise it
will lead to high order scattering enhancement, which will increase the
power loss of the waveguide. The etching depth d of the grating trench
is designed to be 1.2 pum, providing a narrow linewidth output while
providing sufficient feedback. We calculated the reflectance and loss at
different etch depths. The variation of the etching depths only affect
the reflection efficiency (from 7% at 1.0 pm to 16% at 1.3 pm), not the
central wavelength. Only the wavelength with higher reflection (lower
mirror loss and scattering loss) can lase. Combined with the reflection
and loss spectra, the etch depth of the device allows for a range of
tolerances. Applying the above data to calculate the scattering loss,
transmission spectra at different etch depths are shown in Figs. 2(b)
and 2(c) below:

In Fig. 2(a), we can see that the high-order grating structure pro-
vides a strong reflection spectrum at A 1562 nm. In Figs. 2(b)
and 2(c) we can see the transmission and loss are minimum around
1562 nm, it indicates that the grating structure can enhance the feed-
back strength of the mode at 4 ~ 1562 nm, suppressing other side
modes in mode competition, and achieving narrow linewidth laser
lasing around 1562 nm.

The spectral linewidth characterization method of semiconductor
laser is mainly self-heterodyne method and power spectral density
(PSD) measurement method [15-17]. The power spectral density can
reflect the spectral characteristics of the lasers frequency noise in a very
detailed way, and the included frequency noise information is much
larger than the linewidth. Therefore, the power spectral density method
is used to characterize the spectral linewidth of the laser in this paper.

The linewidth of semiconductor lasers is mostly caused by white
noise [18,19]. So this paper only considers the effect of white noise on
linewidth.

When there is only white noise in the frequency noise of the laser,
the line type of the output spectrum is a Lorentz line type, the value
of the linewidth is also gradually approaching the fixed value and
no longer changes. The relationship between linewidth and frequency

~
~



H. Chen, P. Jia, C. Chen et al.

0.21 4
0.18 -

0.15
0.12]
0.09
0.06

Reflectivity (a. u.)

0.03 -
0.00 -

152 153 154 155 1.56 1.57 1.58 1.59
Wavelength (pm)
(a)

—1.5um
—1.4pm
—1.3ym
—1.2um
—1.1pm
—1.0pm
——0.9um
——0.8ym

0.9

o
(o]
1

. 0.7

0.6 -

o
(3]
1

0.4-

Transmission (a. u.)

o ©
N W
1 1

151 152 153 154 1.55 1.56 1.57 1.58
Wavelength (um)
(b)

0.8

—1.5um
41— 1.4m
0.7- —1.3um

. —1.2um
—_—11pm
—1.0um
——0.9um
——0.8ym

0.6 -

50.5-

il

g 4
 0.4-
8 J
=10.3-

0.2+

0.1

151 152 1.53 154 155 156 1.57 1.58
Wavelength (pm)

()

Fig. 2. (a) Reflection spectrum (b) transmission loss (c) loss spectrum of HOBGs DBR
laser at different etch depths.

spectral density of white noise is [20]:

VAVEEE A 3

where A f represents the linewidth, .S, represents the value of white
noise frequency spectral density, the unit is Hz*/nz. The linewidth is

only related to the frequency noise spectral density.
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Fig. 3. The light power-current-voltage curve graph of HOBGs laser.

2.3. The fabrication of devices

The narrow linewidth DBR semiconductor laser integrates a set of
high order grating structures with a period of 4.84 pm on the waveguide
of the ridge FP laser to realize a single longitudinal mode narrow
linewidth laser output, where the length of the grating region is about
72 pm. First the HOBGs with a period of 4.84 pm were defined by i-line
lithography on the wafer. Then the grooves of the gratings with a width
of 1.5 pm were etched into the wafer via inductively coupled plasma
etching (ICP). After the implementation of the gratings, trenches were
etched on either side of the gratings to create ridge waveguides (RWs)
with a ridge width of 4 pm. A silica layer with suitable thickness for
passivation was deposited on top of the HOBGs by plasma enhanced
chemical vapor deposition (PECVD). P-contact metallization was grown
by the magnetron sputtering technology. The thickness of the chip was
then reduced and polished for N-contact metallization. Then the chip
was cleaved. The butterfly package is used to make the laser chip into
a temperature control laser module for performance testing.

3. Results and discussion

In order to achieve accurate measurement of laser spectral linewidth
and power characteristics, the devices were mounted p-side up on
simple COS-mount heat sinks, and then the COS module and the
Thermo Electric Cooler (TEC) heat sink are integrated into the butterfly
shell with connecting to a TEC temperature control device to maintain
stationary temperature (25 °C) for testing.

The power-voltage—current characteristics for 1 mm cavity length
device without facet coating in CW operation are shown in Fig. 3.
Fig. 3 shows that the threshold current is 40 mA. And the slope
efficiency is up to 0.25 W/A, which is larger than 0.21 W/A of the
previously reported narrow linewidth slotted Fabry Perot laser using
deep etched trenches [10]. The voltage curve is kink-free, but the power
curve shows a small kink near 50 mA. We measured the wavelength
change at a smaller current increment (0.5 mA) and found no typical
mode hopping phenomenon. We think it may be due to a lift-up of
the degeneracy of the single longitudinal lasing mode. High order
scattering loss is inevitable due to HOBGs structure, while achieving the
single longitudinal mode operation of the device, the threshold value
of the laser is increased, the output power is reduced, and the slope
efficiency is lowered.

CW spectrum characteristics were measured by the Yokogawa
AQ6370C spectrum analyzer and a single-mode fiber with a core
diameter of 8 pm and a resolution of 0.02 nm (see Fig. 4). A stable
single longitudinal mode spectrum recorded at a current of 80 mA and
shown in Fig. 4(a) reveals the linewidth of 70 kHz and SMSR more
than 30 dB. In the future research, we can optimize the design of the
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Fig. 4. (a) Spectrum of HOBGs laser at injection current of 80 mA (b) Curve graph of
laser wavelength and SMSRs with increasing injection current from 40 mA to 80 mA .
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

grating parameters, increase the coupling of the grating region, reduce
the energy loss, and thus reduce the threshold current to increase
the SMSR. We can further optimize the design of etching depth of
the grating to increase the mirror loss difference and then increase
the SMSR. Also, better AR film coating at the emitting end will help
reduce the unwanted FP modes and increase SMSR. Mainly based on
the following formula [21]:

Aa+4
SMSR(dB) ~ 101g [u+1] @
G
6 =10731,,/(I — 1,;,) cm™ (5)

where A« is the difference of mirror loss (the difference between the
mirror loss of the main mode and the mirror loss of the side mode), Ag
is the difference of mode gain, I, is the threshold current.

In Fig. 4(b), we see that the injection current increases from 40 mA
to 80 mA. The laser wavelength appears to be red-shifted as a whole.
But there are two blue shifts at 45 mA and 80 mA. Because the 45 mA
injection current just passed the threshold current, the threshold gain
difference between the main mode and the side modes is small, and
it is impossible to effectively suppress the side modes, so the mode
hopping phenomenon occurs. When the current of 80 mA, the self-
heating effect of the current injection region is enhanced, and the
temperature inside the device rises, especially the temperature of the
active region increases, the band gap becomes narrower, and the refrac-
tive index increases greatly. Resulting that the gain curve is red-shifted
as a whole and the grating structure is an electroless injection region.
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The refractive index of the material changes slightly with current, and
the reflection spectrum changes little, causing the reflectivity of the
short-wavelength side mode to increase and a secondary blue shift
phenomenon. As the current increases, the SMSR tends to increase first
and then decrease. This is because the mode competition is sufficient
when the current is increased from 40 mA to 50 mA, the side modes
are suppressed, the main mode is gradually enhanced, and the SMSR
is increased. When the current is increased from 60 mA to 80 mA,
heat accumulation occurs inside the device, causing misalignment of
the Bragg wavelength and the gain spectrum, resulting in a weakening
of the side modes suppression effect and a decrease in the side mode
suppression ratio.

To characterize the spectral linewidth of the laser, the frequency
noise of the laser was measured by OE4000 cross-correlation homodyne
phase/frequency noise automatic test system of OEwaves Company.
And based on the formula (3), the spectral linewidth of the narrow
linewidth laser is obtained, as shown in Fig. 5, the device achieved a
linewidth of 70 kHz at an injection current of 80 mA and the SMSR of
above 30 dB.

4. Conclusions

By using the coupled mode theory to analyze the reflection char-
acteristics of HOBGs, a narrow linewidth distributed reflection (DBR)
semiconductor laser based on HOBGs structure is developed, which
realizes wavelength peak of 1564 nm and output power of 9.9 mW with
the current of 80 mA, the SMSR more than 30 dB, a linewidth of 70 kHz.
The preparation of such a HOBGs DBR laser device only requires the use
of ordinary ultraviolet lithography technology, which avoids the high
cost and low yield problem brought by the complicated and expensive
electron beam lithography technology and the secondary epitaxial
technology. It provides a simple method for large-scale production of
narrow linewidth semiconductor lasers.
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