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A thermally tuned multi-channel interference widely tunable semiconductor laser is designed and demonstrated,
for the first time to our knowledge, that realizes a tuning range of more than 45 nm, side-mode suppression ratios
up to 56 dB, and Lorentzian linewidth below 160 kHz. AlGalnAs multiple quantum wells (MQWs) were used to
reduce linewidth, which have a lower linewidth enhancement factor compared with InGaAsP MQWs. To decrease
the power consumption of micro-heaters, air gaps were fabricated below the arm phase sections. For a 75 pm long
suspended thermal tuning waveguide, about 6.3 mW micro-heater tuning power is needed for a 27 round-trip
phase change. Total micro-heater tuning power required is less than 50 mW across the whole tuning range, which

is lower than that of the reported thermally tuned tunable semiconductor lasers.
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1. INTRODUCTION

Narrow-linewidth tunable lasers are indispensable key devices
in long-haul high-speed coherent optical communication sys-
tems. For higher data rates, the requirement for narrow-line-
width tunable semiconductor lasers becomes more and more
demanding [1]. Besides, to increase spectral efficiency further,
higher-order modulation formats are used, which also strength-
ens the limitation of the laser linewidth [2]. External-cavity la-
sers make it easy to realize narrow linewidth due to their long
cavities [3,4]. However, monolithic integrated tunable semi-
conductor lasers are more preferable for optical fiber commu-
nication systems, as they show advantages of low cost, small
size, high reliability, and capability to integrate with other func-
tional components. Normally, wavelength tuning of monolithic
integrated tunable semiconductor lasers is achieved by carrier
injection. Nevertheless, linewidth is significantly broadened
by shot noise and losses arising from free carrier absorption,
which is normally on the order of megahertz (MHz) [5-7].
In the past decade, great efforts have been made for monolithic
integrated tunable semiconductor lasers to realize narrow
linewidth.

For a distributed feedback (DFB) laser array, the most ef-
fective way to reduce linewidth is to increase the cavity length
[8,9]. For distributed Bragg reflector (DBR)-type tunable semi-
conductor lasers, there are two ways to realize narrow linewidth
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in a wide wavelength tuning range. One common way is em-
ploying thermal tuning. Thermal tuning can eliminate the shot
noise and the tuning-induced losses of current injection.
Normally, a micro-heater is fabricated on top of the tuning
waveguide to change the refractive index by temperature. In
1995, a super-structure grating DBR laser was reported to show
linewidth lower than 400 kHz with thermal tuning [10].
However, the thermal tuning efficiency is extremely low be-
cause heat is largely dissipated through the InP substrate to
the heat sink. To reduce the tuning powers with respect to
power consumption, air gaps below the tuning waveguides
are utilized to increase the thermal resistance. With the help
of the air gaps, total thermal tuning power around 100 mW
and narrow linewidth below 100 kHz were demonstrated for
a sampled grating distributed Bragg reflector (SG-DBR)
laser [11] and a modulated grating distributed Bragg reflector
(MG-DBR) laser [12,13].

The Lorentzian linewidth of a single-mode laser can be ex-
pressed by the modified Schawlow—Townes formula [14]. The
linewidth is enhanced by a factor of 1 + a?, where « is the line-
width enhancement factor. Therefore, the other efficient way to
reduce linewidth is using materials with lower linewidth en-
hancement factor. In comparison with InGaAsP multiple quan-
tum wells (MQWs), AlGalnAs MQWs have a lower linewidth
enhancement factor and show better high temperature perfor-
mance, which make it easier to realize narrow linewidth [15].
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A digital supermode distributed Bragg reflector (DS-DBR)
laser was demonstrated to exhibit linewidth <200 kHz with
AlGalnAs MQWs and a hybrid electrical and thermal tuning
method [16].

In this paper, we demonstrate a narrow-linewidth thermally
tuned multi-channel interference (MCI) widely tunable laser
for the first time. To reduce the linewidth of the MCI laser,
we use both AlGalnAs MQWs and thermal tuning. The laser
realizes a tuning range of more than 45 nm, side-mode suppres-
sion ratios (SMSRs) up to 56 dB, and Lorentzian linewidth
below 160 kHz. Due to the air gaps below the arm phase sec-
tions, total micro-heater tuning power under 50 mW is needed
for >45 nm wavelength tuning, which is lower than what has
been reported in Refs. [11-13]. This paper is organized as fol-
lows: first, the laser design and fabrication are introduced; then,
characterization results of the laser are shown and discussed;
finally, a brief conclusion is given.

2. DEVICE DESIGN AND FABRICATION

A microscope image of the fabricated thermally tuned MCI la-
ser is shown in Fig. 1. The laser is composed of a gain section
and an MCI section. The gain section is 400 pm long. The
MCI section is passive and includes a 1 x 8 multi-mode inter-
ferometer (MMI) and eight arms with unequal length differ-
ence. To reflect the lights of the eight arms back into the
gain section, a multi-mode interference reflector (MIR) is in-
tegrated at the rear of each arm. Eight arm phase sections are
used to tune the phases of the eight arms independently. The
gain section is surface ridge waveguide, and the passive sections
are deep-ridge waveguides. To reduce the loss arising from
mode mismatch between the surface and deep-ridge wave-
guides, a tapered shallow-deep transition structure was used
to connect the shallow- and deep-ridge waveguides [17]. To
select a designated longitudinal mode to lase, the eight arms
have to be in phase at that mode, which can be realized by
adjusting the phases of the eight arms. Only 27 round-trip
phase shift of each arm is enough for coarse tuning [18].
Fine-tuning of the longitudinal modes can be achieved by
changing the working temperature of the chip.

AlGalnAs MQWs are used to reduce linewidth and consist
of five compressively strained wells providing optical emission
near 1550 nm. A schematic drawing of the wafer structure is
shown in Fig. 2. An offset quantum wells scheme was utilized
to realize active-passive integration [19], which reduces the
complexity and requirement of butt-joint epitaxial regrowth.
AlGalnAs MQWs were deposited on a bulk 1.3Q InGaAsP
waveguide layer. AlGalnAs MQWs in the passive sections were
selectively removed by wet etching and then followed by a
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Fig. 1. Microscope image of the fabricated thermally tuned MCI
laser.
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Fig. 2. Schematic drawing of the wafer structure.

second epitaxial regrowth of the upper P-InP cladding layer
and InGaAs contact layer.

Instead of current injection, thermal-optic effect is applied
to change the refractive index of the arm phase sections. A met-
allic micro-heater is patterned on top of the deep-ridge wave-
guide. In order to increase the heating efficiency, an air gap is
employed to separate the deep-ridge waveguide from the InP
substrate, which was fabricated by etching an InGaAs sacrificial
layer. The InGaAs sacrificial layer under the MQW's was grown
in the first base epitaxial growth. The suspended thermal tun-
ing waveguide cannot be too long because it may collapse dur-
ing the fabrication. For the considerations of thermal tuning
power and fabrication difficulty, we set the length of the sus-
pended arm phase sections to be 75 pm after simulation and
experiment. The fabrication processes of the suspended thermal
tuning waveguide are shown in Fig. 3 and are described briefly
as follows. First, a deep-ridge waveguide was defined by an i-
line stepper and etched into the N-InP lower cladding layer
[Figs. 3(a)-3(c)]; second, after removing the residual SiO, hard
mask, a 600 nm thick SiO, hard-mask layer was deposited on
the whole wafer [Fig. 3(d)]; then, two trenches were etched
through the InGaAs sacrificial layer on both sides of the
deep-ridge waveguide [Figs. 3(e) and 3(f)], and the lengths
of the two trenches are the same as the micro-heater; finally,
the InGaAs sacrificial layer was selectively removed by wet etch-
ing [Figs. 3(g) and 3(h)]. Deposition of a thick SiO, isolation
layer was carried out to protect the suspended waveguide.
Figure 4 shows scanning electron microscope (SEM) images
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Fig. 3. Fabrication processes of the suspended thermal tuning
waveguide.
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Fig. 4. SEM images of the suspended thermal tuning waveguides
after wet etching: (a) top view; (b) cross section; (c) side view.

of the top view, cross section, and side view of a suspended
waveguide after wet etching of the InGaAs sacrificial layer.
We can see that the thermal tuning waveguide was successfully
separated from the substrate.

We used heat transfer module in COMSOL Multiphysics to
simulate temperature distribution in the thermal tuning wave-
guides with and without air gap when heating the micro-heater
[20]. Because the micro-heaters are about 400 pm away from
the gain section in our laser, heat crosstalk between the arm
phase sections and the gain section is negligible compared with
DBR-type tunable semiconductor lasers. Consequently, we
only considered the heat transfer around the arm phase sec-
tions. In the simulation, the initial temperature value was
set to be 20°C, and the temperature of the interface between
the N-InP substrate and the carrier was fixed at 20°C. The two-
dimensional static temperature distributions of the cross section
at the middle of two 75 pm long thermal tuning waveguides
with and without an air gap are shown in Fig. 5. As we can see,
with the assistance of the air gap, heat mostly concentrates in
the suspended waveguide area, while heat is dramatically con-
ducted to the substrate for the thermal tuning waveguide with-
out an air gap. Static temperature distribution along the center
of the InGaAsP waveguide layer with different heating powers
is extracted and shown in Fig. 6. For the suspended thermal
tuning waveguide, the temperature along the waveguide is non-
uniform and much higher, and it is the highest at the middle
and decreases from the middle to both sides. For the thermal
tuning waveguide without an air gap, the temperature along the
waveguide is more uniform but much lower. It is estimated that
thermal resistance of the suspended tuning waveguide is in-
creased by a factor of 10 on average compared with the tuning
waveguide without an air gap. Using the relationship between
temperature and refractive index, we calculated the phase
changes at different heating powers. The calculated results
are shown in Fig. 7. About 6.1 mW heating power is needed
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Fig. 5. Two-dimensional temperature distribution of the cross sec-
tion at the middle of the thermal tuning waveguides: (a) with air gap;
(b) without air gap.
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Fig. 6. Temperature distribution along the center of the InGaAsP
waveguide layer with heating power increasing from 2 to 20 mW at a
step of 2 mW: (a) with air gap; (b) without air gap.
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Fig. 7. Calculated phase changes of the thermal tuning waveguides
with and without air gap at different heating powers.

for a 2z round-trip phase change with an air gap. Because the
maximal round-trip phase change needed for coarse tuning
of each arm phase section is only 27, we can predict that
the total thermal tuning powers of the MCI laser will not
exceed 50 mW, which is pretty low with respect to power
consumption.

3. DEVICE CHARACTERIZATION AND
DISCUSSION

The laser chip was soldered onto an AIN carrier and then placed
on a copper heat sink. Working temperature was controlled by
a thermoelectric controller (TEC). As show in Fig. 8, output
light was coupled into a single-mode fiber through two colli-
mating lenses (L1 and L2). A 60 dB free-space isolator was used
to prevent light from coupling back into the laser cavity.
Threshold currents are typically between 15 and 20 mA.
First, the phase tuning efficiency of the thermally tuned arm
phase sections was measured. By heating one of the arm phase
sections, we measured the output power and lasing wavelength
above threshold current. As shown in Fig. 9, as the micro-
heater power increases from 0 to 20 mW, the output power
and lasing wavelength change periodically. One period corre-
sponds to 2z round-trip phase change. Therefore, it is esti-
mated that about 6.3 mW tuning power is needed for a 27
round-trip phase change. Besides, we can see that the lasing
wavelength also increases slightly, which means that the
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Fig. 8. Experimental setups for characterization of the thermally
tuned MCI laser, including wavelength characterization, spectral mea-
surement, and linewidth measurement.
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Fig. 9. Output power and lasing wavelength versus micro-heater
power of a heated arm phase section.

temperature of the laser chip increases. This situation can be
improved with better temperature control after packaging.
Besides, we also measured amplified spontaneous emission
(ASE) spectra below threshold current at different heating
powers with only one arm phase section being heated up.
Figure 10(a) shows a measured ASE spectrum below threshold
current. The injection current of the gain section was 14 mA.
By taking the Fourier transform of the measured ASE spectra,
we can convert the space domain to the frequency domain as
shown in Fig. 10(b). There are only six obvious peaks, and
the second peak located at 1070 pm has the largest amplitude.
The second peak is a combination of three cavities, because the
length difference of the three cavities is so small that they over-
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lap with each other in the frequency domain, which can be seen
in Fig. 1. The lengths of the eight cavities converted from the
Fourier transform of the measured ASE spectra agree well with
the designed lengths. In addition, the round-trip phase changes
of the eight arms can be extracted from the Fourier transform
analysis, and the results are plotted in Fig. 10(c). The red line is
the phase change of the heated arm, and the lines below blue
dashed line are the phase changes of the other seven arms,
which are not heated. We can see that phase of the heated
arm increases when the micro-heater power increases from
0 to 20 mW. However, the phases of the other seven arms in-
crease slowly, which mainly results from the increasing temper-
ature of the laser chip. The micro-heater power needed for the
27 round-trip phase is about 6.3 mW, which is equal to the
power extracted from the output power and lasing wavelength
changes measured above and close to the simulation result.
We used an optimization-algorithm-based characterization
scheme to make the MCI laser output any desired wavelength
across the tuning range [21]. In the characterization processes,
the heating powers of the eight micro-heaters were set between
0 and 8 mW so as to cover a round-trip phase change more than
27. The injection current of the gain section was kept constant
at 90 mA, which was set to avoid heat saturation. With larger
injection current, the output power will saturate, and the laser
performance will deteriorate instead. With 90 mA injection
current, the facet output power of the laser was estimated to
be around 5 mW. Working temperature was set to be 20°C.
The fabricated MCI laser shows very good single-mode per-
formance. A typical lasing spectrum of the thermally tuned
MCI laser is shown in Fig. 11. The resolution of the optical
spectrum analyzer was set to be 0.02 nm. The inset plot is
measured from 1543 to 1547 nm. Mode spacing is about
0.28 nm. The SMSR is limited by the adjacent longitudinal
mode and is about 55 dB. We characterized the laser at a
0.4 nm (~50 GHz) wavelength spacing from 1535 to
1580.2 nm. Superimposed lasing spectra are shown in
Fig. 12(a). The tuning range is more than 45 nm. The
SMSRs and peak powers of the 114 wavelengths are shown
in Fig. 12(b). The SMSRs are more than 52 dB across the tun-
ing range and typically 56 dB around the gain peak. Power
variation is within 1.5 dB. Although there is no common phase
section, fine-tuning of the MClI laser can be achieved by chang-
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Fig. 12. (a) Superimposed lasing spectra from 1535 to 1580.2 nm
with a wavelength spacing of 0.4 nm; (b) corresponding SMSRs and
peak powers.

ing the working temperature of the laser chip. We measured the
relationship between lasing wavelength and chip temperature,
which is shown is Fig. 13. The lasing wavelength is 1545 nm at
20°C. As the chip temperature increases, the lasing wavelength
is red-shifted. The temperature coefficient is calculated to be
about 0.11 nm/°C.

The resistances of the 75 pm long micro-heaters are about
185 Q. We calculated the total micro-heater tuning powers,
which are shown in Fig. 14(a). The total micro-heater tuning
powers are less than 50 mW for the 114 lasing wavelengths,
which can meet the requirement of low power consumption
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Fig. 13. Relationship between lasing wavelength and chip
temperature.
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Fig. 14. (a) Total micro-heater powers needed for the 114 wave-
lengths; (b) measured Lorentzian linewidth of the 114 wavelengths.

of a small form-factor package. We measured the FM-noise
spectrtum with a self-homodyne optical receiver method
[22]. The FM-noise spectrum of the MCI laser mainly contains
three parts: the 1/ noise, white noise, and noises from the
environment. The noises from the environment and the
1/f noise are generally below 100 MHz. The noises from
the environment can be eliminated with effective electromag-
netic shielding. A coherent communication system mainly con-
cerns the white noise, which corresponds to the Lorentzian
linewidth of the laser [23]. Therefore, the Lorentzian linewidth
of the MCI laser is mainly measured. The Lorentzian linewidth
was estimated from the frequency noises between 300 and
500 MHz. The results are given in Fig. 14(b). The linewidth
is below 100 kHz at the short wavelength and increases at the
long wavelength due to increased linewidth enhancement fac-

tor [24]. Maximum linewidth is below 160 kHz.

4. CONCLUSION

In conclusion, we have demonstrated a narrow-linewidth ther-
mally tuned MCI widely tunable semiconductor laser. To re-
duce the laser linewidth, we used AlGalnAs MQWs and
thermal tuning. Active-passive integration was realized by an
offset quantum well scheme. The laser realizes stable single-
mode lasing with a tuning range of more than 45 nm,
SMSRs up to 56 dB, and Lorentzian linewidth below
160 kHz. Due to the air gaps below the arm phase sections,
total micro-heater tuning power under 50 mW is needed for
>45 nm wavelength tuning, which is lower than the reported
results of thermally tuned tunable semiconductor lasers. Only
6.3 mW is needed for a 27 round-trip phase change, which is
close to the simulation result. In our future work, we will fur-
ther optimize the epitaxial structure and also reduce the loss of
the MCI section. The quality factor of the laser cavity is ex-
pected to be improved so as to reduce the threshold current
and reduce the linewidth as well. Also, packaging and reliability
tests of the laser will be carried out in the near future.
Compared with the DFB laser array and DBR-type tunable la-
sers, fabrication of the MCI laser is relatively simple because
only conventional photolithography is needed. We believe that
the MCI laser will have potential applications in optical fiber

communication systems and photonic integrated circuits.
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