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Abstract: Monolithic integration of four widely tunable extended cavity lasers suitable for gas
detection is presented. Each laser features a precise, grid-less tuning mechanism with a lowlinewidth, single-mode output over a wide wavelength range of 74nm.
OCIS codes: (140.3600) Lasers, tunable; (250.5300) Photonic integrated circuits; (300.1030) Absorption

1. Introduction
We report on a successful demonstration of a monolithically integrated array of tunable lasers designed for gas
sensing applications. The array has four of such independently tunable laser sources combined to a common output.
The photonic integrated circuit (PIC) chip has been designed following a generic integration approach [1] and
fabricated as a standard 4 x 4.3 mm cell within a Multi-Project Wafer (MPW) run by SMART Photonics [2] via
Jeppix [3] services. In a gas detection scheme based on single absorption line a widely and precisely tunable single
frequency / continues wave (CW) lasers are desired. A few of such independently tunable lasers allow to assess a
number of gas species (a gas mixture) simultaneously. The integrated lasers feature a wide and precise wavelength
tuning mechanism achieved by a three stage intra-cavity filter formed by asymmetric Mach-Zehnder interferometers
(AMZI) using voltage controlled electro-refractive phase modulators (ERM) [4]–[6]. An individual extended cavity
ring laser with such wavelength filter shows an single-mode output with optical linewidth of 363 kHz, average
power of 3 mW (ex-facet) and a record tuning range of 74.3 nm. Precision of the tuning mechanism a gas
spectroscopy is demonstrated by a scan over a 0.89 GHz wide absorption line of acetylene with resolution of 6 MHz
(48 fm). Both wide and precise tuning are achieved with only four control voltages wile current injection into the
gain section is constant. The reverse biased ERMs operate at low currents therefore control signals do not lead to
additional thermal crosstalk on chip. A fully functional PIC realized using active-passive monolithic integration on
indium phosphide (InP) including four of such lasers combined to a single output suitable for simultaneous
multispecies gas sensing is presented.
2. Array of widely tunable lasers on a single chip
Taking advantage of the photonic integration four of widely tunable extended cavity lasers have been co-integrated
on a single chip as presented schematically in Fig. 1(a). Optical signals from the output of each laser are combined
using a 2x2 MMI based combiner providing with four common output waveguides. Three waveguides are routed to
the angled (7 with respect to the normal) outputs at the cleaved and anti-reflection (AR) coated facets of the chip.

Fig. 3. (a) Schematic diagram of integrated array of tunable lasers featuring: four individual extended ring cavity tunable laser sources (Laser #n)
with voltage controlled wavelength tunable intra-cavity filters ((V)), 2x2 MMI base combiner, on-chip wavelength meter and a booster
semiconductor optical amplifier (BOOSTER) in one output line. (b) Micrograph of a 17 mm2 chip fabricated within a MPW run. (c) High
resolution (20 MHz) optical spectrum recorded at the non-amplified common outputs (out #1) of the chip with gain section of each of the lasers
dc biased at ISOA#N=120mA and chip operated at room temperature.

An additional booster semiconductor optical amplifier (SOA) was placed in one common output (out #3). The fourth
common waveguide is directed to an on-chip wavelength meter. The full layout of the PIC fits into a single, standard
MPW cell. The 17 mm2 device shown in Fig. 1(b) was fabricated by SMART Photonics within a multi-project wafer
run. The optical output from the chip (out#1) was collected using a lensed fiber (coupling loss ~4dB) followed by a
fiberized optical isolator. An optical spectrum recorded with a high resolution (20 MHz) optical spectrum analyzer
(OSA) from one of the non-amplified common outputs (out #1) is presented in Fig. 1(c). The SOA sections of each
of the lasers were injected with the same dc current (ISOA1= ISOA4= ISOA4= ISOA4) of 140 mA at the chip was
maintained at the room temperature (THEATSINK=18C). The wavelength filters (V) with ERM sections in each laser
were reverse biased in order to present an arbitrary selection of single-mode operating points, spanning over the
wavelength range taking into account accessible bandwidth of the high resolution OSA which was used to confirm
single mode-operation. Each of the spectral lines features at least 38 dB of suppression with respect to the strongest
mode present in the spectrum and not being a lasing mode of another laser in the array. The combined output power
coupled into the lensed fiber was measured at 2mW leading to ex-facet power of ~5mW (assuming 4 dB of fiber
coupling loss).
2. Widely tunable extended cavity ring laser
Each of the integrated on-chip, wavelength tunable, extended cavity ring laser features a wavelength tuning
mechanism based on a combination of asymmetric Mach-Zehnder interferometers [4]. The 16.7 mm long laser
cavity shown in Fig.2(a) features a 1 mm long semiconductor optical amplifier , deeply etched passive waveguides
indicated in blue, a 2x1 multi-mode interference output coupler and a three stage serial AMZI based wavelength
filter. Each AMZI stage is formed by a pair of 1x2 MMIs with phase modulators in both branches. The laser design
in the form of photonic integrated circuit is fully compatible with the generic integration approach.

Fig. 2. (a) Schematic diagram and (b) mask layout of the tunable extended cavity ring laser featuring: 1 mm long semiconductor optical amplifier
(SOA), deeply etched passive waveguides indicated in blue, 2x2 MMI output coupler and three stage asymmetric Mach-Zehnder interferometer
(AMZI) based filter (dashed box) with each AMZI formed by a pair of 1x2 MMIs with electro-refractive modulators in each branch (). A
multimode interference reflector at one of the outputs ensures unidirectional operation of the laser. (c) Simulated output spectrum obtained with a
time domain based photonic circuit simulator. Inset: small range (0.5nm) showing cavity modes. (d) High resolution (20 MHz) optical spectrum
recorded at the output of the laser with the close view at the of the lasing mode showing neighboring cavity resonances presented in the inset.

Numerical studies of such a laser have been carried with use of time domain based photonic circuit simulators [7],
[8]. An example of single-mode spectrum obtained from PicWave package [8] is presented in Fig. 2(c). The optical
spectra obtained experimentally, recorded with a high resolution (20 MHz) optical spectrum analyzer have
confirmed preliminary simulations and demonstrated a single-mode operation with side-mode suppression ratio
(SMSR) of 43 dB as presented in Fig. 2(d). The high resolution spectra allowed to resolve fundamental longitudinal
cavity modes spaced by 5 GHz as presented in the inset of Fig. 2(d) [5]. Optical linewidth of the lasing mode has
been measured using a delayed self-heterodyne setup [9] with 25 km of standard single mode fiber and LiNbO3
phase modulator at 363 kHz as presented in Fig. 3(a) with a Lorentzian fit to the measured data shown in red. A
tuning range in the excess of 74 nm was achieved with applying reverse dc bias voltages to four ERMs in the AMZI
stages while keeping the current injection into the SOA section (ISOA=140mA) and temperature of the chip
(THEATSINK=18C) constant as presented in Fig. 3(b). showing a good overlap with preliminary simulations and
design objectives [6]. In order to investigate the precision of the wavelength tuning mechanism a gas spectroscopy
setup with a reference acetylene cell was used. The optical signal from the isolator was split into two branches: one
used as a reference for recording any optical power fluctuations and the other one sent though a reference acetylene
cell (Thorlabs CQ09050-CH12: 12C2H2, 50 Torr, 5 cm). Both branches were followed by the optical power meters.
For the wavelength range calibration optical spectra at each operation point were recorded with a resolution of 20
MHz (APEX Technologies AP2041A). The transmission profile of the R-branch 9 line of acetylene [10] recorded
using the extended cavity ring laser is shown in Fig. 3(c). The absorption spectrum was recorded at 500 points with

steps of 6.27 MHz (48 fm) performed by applying a consecutive sequence of sets of reverse voltages to the four
ERM sections while the SOA bias and temperature of the chip were constant during the experiment. The absorption
line features a width of 0.89 GHz (6.9 pm) when measured at 50% on the logarithmic scale (~1.2 GHz at full width
at half minimum on linear scale).

Fig. 3. (a) Optical linewidth of 363 kHz was measured using a delayed self-heterodyne (DSH) method: measurement data and Lorentzian fit are
indicated in black and red colors. (b) Overlapped optical spectra recorded with a standard resolution (0.05 nm) optical spectrum analyzer: SOA
section DC biased at ISOA = 140 mA (~2.2 times of the Ith) at room temperature, showing a tuning range of 74.3 nm. (c) An absorption line of
acetylene (R-branch 9th line) measured with the laser tuned by applying a series of reverse bias voltages to the ERM phase sections with the
amplifier current ISOA set at 125 mA. The 0.89 GHz wide profile was measured with resolution of 6 MHz (48 fm).

4. Conclusions
We have demonstrated a fully functional array of individually tunable laser sources fabricated in a multi-project
wafer run on an indium phosphide based, generic photonic foundry platform. Each individual extended ring cavity
laser features an AMZI based wavelength tunable filter allowing for single-mode operation along with precise
access to a record 74 nm wide tuning range. Presented laser design is suitable for a number of applications including
gas spectroscopy, telecommunication and optical coherence tomography. Co-integration of such lasers on a single
chip makes it suitable for simultaneous multispecies gas detection and makes such a solution very competitive in
terms of footprint and energy consumption when compared with discreet optics based counterparts. Although all
four laser have demonstrated to be fully functional when operated at the same time, further investigations have to be
carried out in terms of on-chip crosstalk (optical, thermal, electrical) and its impact on the chip’s performance.
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