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Linewidth Characterization of Integrable
Slotted Single-Mode Lasers
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Abstract— A single-mode laser platform has been developed
with a simple and high-yield fabrication based on etched slots.
We present linewidth measurements on such lasers, which are
fabricated without any regrowth steps. The group of slots placed
on one side of laser cavity provides sufficient reflectivity for lasing,
which allows the laser to be integrated with other devices such
as semiconductor optical amplifiers and modulators. The laser
with an effective cavity length of 450 µm exhibits a threshold
current of 31 mA and a side-mode suppression ratio of 48 dB.
The laser shows a minimum Lorentzian linewidth of ∼720 kHz
at room temperature. The linewidth remains ∼1 MHz within the
temperature range of 10 °C–60 °C.

Index Terms— Single mode laser, surface grating, side mode
suppression ratio (SMSR).

I. INTRODUCTION

S INGLE-MODE semiconductor lasers with narrow
linewidth have wide applications in fiber-optic

communications, especially in coherent optical communication
systems using advanced modulation formats. In the past,
distributed feedback (DFB) lasers and distributed Bragg
reflector (DBR) lasers have shown typical linewidth value of
more than 10 MHz [1]. A lot of effort have been made to
reduce the linewidth to the optimum value of about 0.5 MHz,
mostly by making the laser cavity longer [2]–[4]. However, for
many short cavity lasers, the linewidth remains around a few
MHz [5]. The lowest linewidth of 3.6 kHz for DFB laser was
demonstrated in [6], although such laser results in complex
structure and fabrication. State-of-art devices such as laterally
coupled DFB lasers [7], [8], and hybrid Si/III-V lasers [9]
have shown narrow linewidth results suitable for coherent
communications, however these are complex devices requiring
high resolution processing. The laser platform used here
utilizes simple fabrication methods by introducing reflective
defects (slots) into a Fabry-Perot (FP) laser cavity where
single-mode emission can be achieved by positioning these
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Fig. 1. (a) 3D schematic structure of the slotted laser. (b) SEM image of
the etched slots.

features at particular locations along the cavity [10], [11].
A high side-mode suppression ratio (SMSR) and narrow
linewidth of these lasers were demonstrated in [11] and [12].
However, these particular lasers needed both facets to be
cleaved to form the fundamental FP cavity, so they cannot
be monolithically integrated with other optical components.
Recently, our group has proposed a new single-mode laser
design based on slots etched on one side of the laser cavity
to provide sufficient reflection for lasing to occur. This type
of laser can be monolithically integrated with other photonic
devices. We have already demonstrated the performance of
this laser with high SMSR of more than 50 dB [13]. The
linewidth of such lasers was first measured in [14] using a
lensed fiber coupling system. However, the back reflection
from the lensed fiber coupled into the laser cavity influenced
the measurement accuracy. In this letter, we present a detailed
characterization of the spectral linewidth of the slotted
single-mode laser using a free space coupling system which
employs isolators with isolation about 60 dB to prevent any
external feedback. The laser with effective cavity length of
450 μm exhibits a minimum Lorentzian linewidth around
720 kHz at 170 mA drive current at room temperature.
The linewidth dependence on temperature has also been
characterized. We took measurements in the temperature
range between 10 ≤ T ≤ 60 °C where the linewidth value
remained around 1 MHz. The cavity length effect on linewidth
was also checked and the extrapolation predicted that a laser
with effective cavity length of about 550 μm is required
to achieve the industry standard of 0.5 MHz linewidth for
coherent communications.

II. DEVICE STRUCTURE AND THE FABRICATION

The schematic structure of the slotted single-mode laser is
shown in Fig. 1(a). The laser has a 2 μm wide surface ridge
waveguide which has the same epitaxial structure as in [13].
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The structure consists of an active region of 5 AlGaInAs
quantum wells with photoluminescence peak (PL) near
1530 nm. A 1.6 μm-thick p-doped InP material, a 50 nm
p-doped InGaAsP and a 200 nm InGaAs contact layer are
above the active region. One side of the laser cavity has
multiple slots which act as an active DBR of the laser to
provide enough reflection for lasing to occur. The output of
the laser is curved to 7 degrees to reduce reflections from the
front facet. The laser has a single contact which covers the
area with and without slots. The laser operates using reflection
from the slots at the front and the cleaved facet at the back to
achieve single mode operation, so the slot parameters such as
slot depth, width, period and number need to be optimized
in the design. For optimization, the 2-D scattering matrix
method was used [15]. From the analysis it was calculated
that a group of 24 slots with slot depth of 1.35 μm and
period 8.96 μm are suitable to provide sufficient reflectivity
with a narrow bandwidth while keeping the cavity length short.
The slot width was set to 1.1 μm which makes the laser
compatible with standard photolithography although the laser
studied here used e-beam lithography to define slots in this
initial study. The slot depth and width from the fabrication
is around 1.33 μm and 1.02 μm, respectively from the SEM
image which is shown in Fig. 1(b), both parameters being a
little less than designed. The device was fabricated using a
two-step dry etching process which is described in [13]. The
ridge was etched to a height of 1.85 μm. The slot depth was
about 0.5 μm shallower than the ridge. The total cavity length
of the laser is 750 μm where 335 μm is the length between
the back facet and the first slot (non- slotted region), with
a 215 μm long slot section and a 200 μm region for the
curved front section. After the ridge was passivated and metal
contacted, the laser bars were cleaved and mounted on silicon
carriers for testing.

III. LINEWIDTH CHARACTERISTICS

The devices were placed on a copper heat sink which
was then loaded on a thermoelectric cooling (TEC) con-
troller to keep the temperature constant. The fabricated device
was tested under continuous-wave (CW) operation at room
temperature. For the 750 μm long laser (effective cavity length
around 450 μm) the threshold current (Ith) was measured to
be 31 mA with a slope efficiency of about 0.11 mW/mA at a
drive current of 100 mA. The lasing peak is at 1546.2 nm as
shown in the inset of Fig. 3. As we have distributed mirror due
to the slots, we use an effective cavity length for our laser. The
mode spacing is 0.84 nm, inset of Fig. 3, and it can be used
to determine the effective cavity length. This length can be
extracted using the mode spacing from the equation �λ =
λ2

o/(2ng Leff ) where �λ is the mode spacing, ng is group
refractive index, λo is the lasing peak and Leff is effective
cavity length. From the equation we found Leff to be 406 μm
with ng = 3.5. Assuming that the scattering loss resulted from
the slots is compensated by the gain, the penetration depth into
the slot region is calculated as 107 μm using the equation
1/2κ tanh (κ Lg) [16], where κ is the coupling constant and
Lg is the length of the slotted section. Combined with the

Fig. 2. Experimental setup of DS-H technique.

Fig. 3. Measured electrical spectrum on log scale of a slotted single-mode
laser fitted by a Voigt function. Inset shows measured optical spectrum at
100 mA.

non-slotted region an effective cavity length of 442 μm is
predicted which is slightly over-estimated compared with the
value extracted from the mode spacing. This might mean that
the loss from the practically fabricated slots is higher than
estimation. The measured SMSR is about 48 dB at 100 mA
(I ∼ 3Ith). The measured light-current (L-I) curve and laser
spectrum are similar to those in [13].

For the linewidth characterization the delayed self-
heterodyne technique (DS-H) [17] was used which is shown in
Fig. 2. Because we are dealing with unpackaged bare devices
it is important to have sufficiently high isolation to avoid any
back reflections. For this reason a free-space setup was used
where two anti-reflection (AR) coated collimation lenses and
a 60 dB isolator are employed to collimate the laser beam and
minimize any back reflection to the laser cavity.

The collimated laser beam is then focused through another
AR coated lens into a single-mode (SM) fiber and split into
two paths. One goes through 12 km of single mode fiber
which corresponds to a 60 μs time delay and the second is
modulated by a LiNbO3 phase modulator to shift the signal to
2 GHz to increase the measurement accuracy. A polarization
controller maintains the beam polarization. A 50:50 coupler
combines the two beams and the mixed signal is sent to a
fast photodetector. Then the linewidth spectrum is recorded
using an electrical spectrum analyzer (ESA). The resolution
bandwidth of the ESA was set to 30 kHz.
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Fig. 4. Lorentzian linewidth and FWHM as a function of injection current.
The red dots indicate measured linewidth and blue squares indicate Lorentzian
linewidth.

Fig. 5. Lorentzian linewidth dependence on inverse output power.

Fig. 3 shows the measured spectrum of a slotted laser using
the ESA. The blue dots represent the original data which
was collected using the ESA and red line is a Voigt fitting.
The dip at the centre is the artifact from the measurements.
We measured the spectrum at different currents and in all
of them we found such a dip. The Gaussian contribution
to the linewidth comes from noise sources not associated
with the laser linewidth. We perform the deconvolution to
extract the Lorentzian contribution associated with the laser
itself. The spectrum is well fitted with a Voigt function [18]
which is a convolution of Lorentz and Gaussian profiles. The
Lorentzian linewidth is 840 kHz at an injection current of
130 mA which is realized by using an ultra low noise current
source. The linewidth measurements were measured using this
low noise current source in the free-space setup in comparison
with standard current sources which we used in our previous
results [14].

The well-known Schawlow-Townes formula modified by
Henry [19], expresses the linewidth as being inversely pro-
portional to the output power. In Figs. 4 and 5 this behavior
was verified; the linewidth of slotted laser was measured
between 60 and 180 mA at room temperature. It is clearly
seen that a dramatic decrease of linewidth occurs by increasing
the number of carriers injected into the system. The lowest

Fig. 6. Lorentzian linewidth dependence on temperature between 10 to 70 °C.

Fig. 7. Measured Lorentzian linewidth values for different cavity lengths.

linewidth value of 720 kHz was obtained at 170 mA. As found
in [18], the technical noise has a Gaussian profile and at the
highest current values the Gaussian contribution is greater than
the intrinsic linewidth with a Lorentzian profile.

Fig. 5 shows the linewidth dependence on inverse output
power which was obtained by converting input current to
output optical power.

The linewidth dependence on temperature was also mea-
sured. The laser was set to 130 mA, several times the threshold
current (Ith-31 mA). Results show that temperature has a
negligible influence on the linewidth within the temperature
range from 10 to 60 °C and the linewidth remains around
1 MHz as is shown in Fig. 6. However, at 70 °C the laser
output power dropped due to increased heat generation in the
device. Moreover because the measurements were done with
unpackaged devices and on a copper heat sink, this leads to a
poor heat dissipation which in turn will affect the broadening
of the linewidth as is shown in Fig. 6.

We also observed the effect of cavity length on the
linewidth. Lasers with shorter effective cavity length of about
250 and 350 μm were also measured. The longer cavity length
shows a narrower linewidth, which is demonstrated in Fig. 7.
The extrapolation shown in Fig. 7 indicates that a laser with
effective cavity length of only 550 μm is required to achieve
the industry standard of a laser with 0.5 MHz linewidth for
coherent communications.



2228 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 26, NO. 22, NOVEMBER 15, 2014

Fig. 8. Lorentzian linewidth as a function of injection current for lasers with
different slot width from 0.9 to 1.3 μm.

The last characterization was done to see how slot
parameters will affect the linewidth. For this, lasers with
different slot width, i.e 0.9, 1.0, 1.1, 1.2, 1.3 μm and with
effective cavity length of 350 μm were measured. From the
simulations in [15] a variation of slot width (±0.1 μm) does
not affect the laser threshold current. The slot width also does
not have a strong effect on the linewidth either as shown
in Fig. 8. From the figure the overall trend is the same as
in Fig. 4 and the linewidth for different lasers varies between
1.5 and 3 MHz at the highest current. We need to have a large
set of lasers with different slot widths and depth to obtain a
clear picture of the effects of slot parameters on the linewidth.

IV. CONCLUSION

In summary, we have presented detailed spectral linewidth
measurements of slotted single-mode lasers. First, the laser
with an effective cavity length of 450 μm was measured,
which maintain stable single-mode operation with an SMSR
near 50 dB. The lowest Lorentzian linewidth of 720 kHz was
obtained at an injection current of 170 mA at room temper-
ature. The changes in temperature show little effect on the
linewidth which remains around 1 MHz between 10 to 60 °C.
For comparison the lasers with effective cavity lengths of
250 and 350 μm were also measured and results show that
the linewidth is inversely proportional to the effective cavity
length. From this it is predicted that a 550 μm effective cavity
length is needed to obtain a 500 kHz Lorentzian linewidth. The
main advantage of these lasers is the simple fabrication where
potentially standard photolithography can be used. Thus, such
a laser platform with narrow linewidth has strong potential for
applications in coherent communications.
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