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Abstract—We report on the development of a compact packaged semiconductor laser capable of
spectroscopy applications at 689 nm. The key component is an optical isolator that is small enough
to fit inside a package that is compatible with standard 14-pin butterfly packages. We present a
threshold current of 33 mA, a forward voltage of 2.5 V at 50 mA, long term reliability study for over
12,500 hours, a relative intensity noise below -145 dBc/Hz, and a linewidth of 2 MHz. The relative
intensity noise and the frequency noise spectra verify continuous-wave lasing and frequency
stability of the packaged laser.

Index Terms—Semiconductor lasers, laser packaging, spectroscopy, noise, intensity noise, frequency
noise



l. INTRODUCTION

The need for smaller form factor and more spectrally precise lasers is a basic demand across every
market where lasers are a key technology. The key parameter for stable lasers is the linewidth and
this is extremely important for sensitive sensing applications such as advance timekeeping [1], LIDAR
[1,3], and atomic cooling [4] to name a few. Many of these sensing applications also require
wavelengths operating around 689nm [4]. There are limited commercial options for compact low
linewidth single mode lasers around 689 nm [5] and one of the major challenges is the lack of micro-
optical isolators at this wavelength which can be inserted in a 14-pin butterfly module. In recent years,
single-mode semiconductor lasers emitting in the red have been fabricated using discrete mode (DM)
waveguide design [6] distributed Bragg reflector [7] and surface grating distributed feedback ridge
waveguides [8, 9]. While the lasing active material can be band-gap engineered by selection of the
InGaP material and appropriate grating fabrication can ensure operation at the desired wavelength
[6,7], the usefulness of the device depends on creating a single wavelength emission which is not
made unstable by back reflections from extraneous parts of the interconnecting optical circuitry.
These back reflections typically cause the laser output to have significantly increased linewidth, to
become unstable, pulsate or introduce wavelength hopping. All these effects significantly reduce the
usefulness of the laser in sensing-based applications.

In this paper we report on a stable, single-mode (both transverse and longitudinal), semiconductor
laser packaged in a small-form factor 14-pin butterfly package operating at 689nm wavelength with
fibre coupled output power of ~1 mW. The laser is based on a DM waveguide design [6] that defines
the emission wavelength, the simplified schematic is shown in Fig. 1(b). Key to achieving stable
performance is the co-packaged inclusion of a micro-optical isolator within the butterfly package that
eliminates back reflections to the laser from the connected optical circuitry. Two packaged lasers are
investigated and demonstrate similar performance with threshold currents of 33 mA, forward diode
voltage of less than 2.5V, relative intensity noise (RIN) below -145 dBc/Hz, and a linewidth of ~2 MHz
at 80 mA bias. Two techniques are used to measure the laser linewidth; the delayed self-heterodyne
technique and the B-line cutoff method [10] where we heterodyne both lasers to measure the
linewidth using the frequency noise (FN) spectral density [11].

This paper is organised as follows, in Section Il we describe the laser and the packaging with special
consideration given to the optical isolator and we present standard emission spectra and light-current-
voltage (L-I-V) curves. In Section lll we report on dynamic measurements to verify the stability of the
laser emission from the package, namely RIN and linewidth including the B-line separation.

. LASER and PACKAGING

The laser epitaxial structure was grown on 75mm diameter Si-doped GaAs substrates in a metal-
organic vapour-phase epitaxy reactor at low pressure. The multiple quantum well active structure
consisted of four compressively strained 10nm-thick GalnP quantum wells and three lattice-matched
7nm thick (Alo3Gao.7)os11N0.4sP barriers, sandwiched between two 40 nm-thick separate confinement
guide layers. The 2.5um thick upper and lower cladding material is (Alo.7Gao.3)o.51IN0.4sP and the p-
cladding is followed by a 250nm thick, highly p-doped, GaAs contact layer. A simplified schematic is
shown in Fig. 1(a). More detailed information on the laser design can be found in [6].
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Fig. 1 (a) Simplified schematic of the DM laser [6]. (b) Picture of 14-pin butterfly module.

Semiconductor lasers need to be co-packaged with electronics and light coupling optics for practical
use within lightwave systems [1-4]. A key component in any laser package is an optical isolator that
forbids light travel back towards the laser because single longitudinal mode lasers suffer from intensity
and frequency instability when subjected to back reflections. Optical isolators consist of a Faraday
polarization rotator in a strong magnetic field, placed between two polarizers. Over propagation
distance L in a constant magnetic field B, the Faraday rotator rotates linear polarization by an angle
U= VBL, where Vis the Verdet constant of the material. For visible wavelengths, terbium gallium garnet
(TGG) crystals are frequently used as the Faraday rotator. At these wavelengths, TGG has high
transmission and high Verdet constant (>100 rad/T/m) [12]. TGG can be placed in neodymium iron
boron magnets to create an isolator with high performance at low cost. Such isolators range in size
from 10 cm? to 100 cm® depending on wavelength and beam diameter. Unfortunately, TGG isolators
are unfeasible to place inside a small butterfly package. Very small optical isolators based on bismuth-
substituted rare earth iron garnet single crystals are frequently used in the near-infrared, but this
material suffers from high absorption loss at wavelengths below approximately 1000 nm [13].
Cadmium manganese telluride Faraday rotators have been developed in recent years with very high
Verdet constants (>1000 rad/T/m) and low losses at wavelengths above 600 nm. With such materials,
it is possible to fabricate an isolator at 689 nm that is < 1 cm? in volume with high extinction and low
losses [14]. Such an isolator is used in this work and had a transmission of 52% and optical isolation of
34.5dB at 689nm. In order to accommodate these Cadmium manganese telluride mini free space
optical isolators into a temperature-controlled module, a non-standard 14-pin butterfly package was
designed and manufactured with dimensions L,xW,xH, 0f 39.1 x 17.7 x 9.7 mm, a photograph of which
is given in Fig. 1(b). In comparison a standard 14-pin butterfly package would have the following
dimensions LyxWpxH, of 30 x 15.2 x 7.7 mm. The length of the butterfly package module was chosen
to allow for the insertion of a single-stage isolator with 34.5 dB isolation; increasing the isolation would
require increasing the length of the entire package. The chosen isolator is therefore a compromise
between the overall isolation level sufficient to stop deleterious back reflections and for the laser
system to fit within a small form factor 14-pin butterfly package. Inside this hermetically sealed
module, the isolator is positioned between two lenses which are antireflection coated at 689nm in
order to reduce optical reflections and scattering effects. The first lens acts to collimate the output
from the laser diode, to match the numerical aperture of the isolator. The light then propagates
through the isolator to the second lens, which focuses the output light into a low attenuation narrow
core polarisation-maintaining single mode fibre. The laser temperature is stabilised through the use
of a Thermo-Electric Cooler (TEC) and a thermistor placed adjacent to the laser diode. It must be
noted that a fibre-coupled, external optical isolator was placed after the module fibre connector to
provide extra isolation from the connected optical circuitry. The external isolator alone does not solve
the issue of internal back reflections within the module that can create a pulsating laser output.
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Fig. 2 Measured L-I-V curve of the butterfly packaged 689nm laser. The threshold current is about 33 mA,
and the forward voltage is around 2.8 V at a forward bias of 80 mA.

The optical characteristics of the packaged 689nm laser were measured under CW bias conditionsFig.
2 plots the overlapped measurement of fibre coupled LIV characteristics at a chip temperature of 25
°C where the power was measured with a Si detector. The extracted threshold current was 33 mA and
the slope efficiency from the emitting laser facet end of the optical fibre is 0.15 W/A. This corresponds
to a 16% fibre coupling efficiency. The forward voltage is in the range from 1.75 V to 2.6V as the bias
current is varied from 1 mA to 80 mA. The emission spectra of the device are also measured for
currents of 50 mA and 80 mA and shown in Fig. 3 with the central peak at 688.6 nm and side mode
suppression ratio of 45dB. This measurement is shown for operating conditions of bias current of 50
mA at 25 °C. We performed lifetime testing on a similar 689nm laser chip mounted on a transistor
outline (TO39) header (without the isolator and fibre coupling optics) which contained TEC and
thermistor and the power from the facet was measured on a large area Si detector. The temperature
of the laser was controlled to within 2mK. The emission power was measured over 12,500 hours and
the results are presented in Fig. 4 showing a constant output power of “6 mW with no degradation in
power observed over the duration of the test. The outliers where the power drops are interruptions
of the data acquisition due to maintenance issues.
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Fig. 3 Measured optical spectrum of the device, showing a single longitudinal mode operating at 688.3 nm
(50 mA) and 688.6 nm (80 mA). The side-mode suppression exceeds 45 dB
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Fig. 4 Aging time dependence on the operating power at a fixed bias current of 50mA and temperature of
25°C for >12000 hours. Note, the device used to obtain this measurement was a similar laser diode except
mounted on a TO39 header without isolator and coupling fibre optics, hence the reading of 6 mW at 50 mA
bias current. The inset shows the power fluctuations over a 1 hour interval.

[ll.  STABILITY MEASUREMENTS

To verify the CW stability of the packaged laser we perform the following measurements: firstly, we
measure the laser RIN, then we measure the delayed self-heterodyne (DSH) beat spectrum and FN
power spectral density (PSD) spectrum. For stable single-mode behaviour the following conditions
should be met: a single peak in the RIN curve, a Lorentzian shaped DSH spectrum and a flat FM-noise
curve. A single peak in the RIN curve notes the absence of self-pulsation; a detectable Lorentzian
spectrum from DSH spectrum measurement implies wavelength stability over the duration of the DSH
measurement which requires about five minutes to take 100 spectral averages; and a flat FM-noise
curve underscores the Lorentzian line broadening in the absence of any external feedback.

The RIN setup is based on the standard RIN measurement [15]. The photodiode has a bandwidth of
30 GHz and we report a measured responsivity of 0.1 A/W at 688 nm, which suffices for these
measurements. The RIN measurement was taken at two bias currents of 50 mA and 80 mA and the
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Fig. 5 Measured RIN curve of the light output from the laser at bias currents of 50 mA (black) and 80mA

results are shown in Fig. 5. The RIN at low frequencies is below -145 dBc/Hz with peaks occurring at
relaxation oscillation frequencies of 2.6 GHz and 4 GHz for 50 mA and 80 mA bias respectively. There
is clearly only one peak in the spectrum which implies that the laser is operating CW and not pulsating.
Note that we were shot noise limited in estimating for the minimum because the DC photocurrent at
the photodetector was ~around 0.1 mA; the shot noise limit to the RIN is given by 2q/{Ipp) [15], for
our case the shot noise limit is about -145 dBc for 50 mA bias case and -148 dBc at 80 mA bias case.

In order to verify the phase stability of the lasers, we measure the DSH spectrum from the laser. The
DSH spectrum was measured in the standard manner [15] using a phase modulator and 1 km fibre
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Fig. 6 Measured and Voigt-fitted DSH spectrum of the device, the extracted intrinsic Lorentzian linewidth is
1.4 MHz.

reel suitably designed to guide light at 689 nm in a single mode. The DSH spectrum is measured using
an electrical spectrum analyser and the trace has been averaged one hundred times before fitting with
a Voigt curve [16]. The results are shown in Fig. 6. The extracted intrinsic Lorentzian linewidth is 1.4
MHz from the Voigt curve fitting. The importance of averaging many scans is that multiple peaks will
show up in the DSH spectrum of wavelength-unstable lasers [17]. Therefore we conclude that the
packaged laser is operating stably in both power and wavelength.

The FN spectral density spectrum (SD) can be described by the following general relation [18-21]:
FN(F) =22+ ho &)

The first term is for the 1/f flicker noise which dominates the linewidth for most semiconductor laser
diodes where f is the frequency, exponent a (1< a0 <2), h.1 is a constant and the last term h, is the
white frequency or intrinsic noise. The FN PSD curve was measured by beating two similarly packaged
689nm lasers, capturing the beat using a digital storage oscilloscope and post-processing the beat
signal to calculate the FN PSD which is shown in Fig 7. More details on this procedure are given in [22].
The FN approximation in (1) is fitted to the FN noise plot as shown in 7; and h.1, a, and h, are extracted
to be 1x1014, 1.45 and 500000 Hz%/Hz respectively for the 689nm laser.

The lasing linewidth is estimated from the measured FN spectrum utilizing the B-separation line
method in [10,23]. The B-separation line is used to separate high and low modulation index areas in
the FN PSD, which distinguishes contributions to the linewidth versus the wings of the lineshape [10].
In our calculation, the frequency noise is integrated from 10, 20 and 50kHz out to the intersection



with the B-separation line, yielding an integrated linewidth of 5, 3.2 and 1.8MHz for the various
timescales. We also extract the white noise level directly proportional to intrinsic (Lorentzian)
linewidth to be ~1.5MHz.
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Fig. 7. Measured FN-noise spectral density from the beating between two similar 689nm DM devices. Linewidth
at various timescales extracted using the B8-separation line method. The measurement was performed at a bias
current of 80 mA. The red line is a fitting to the curve described by Eq. (1).

Conclusion

We demonstrate for the first time a stable, small form-factor, lightweight, packaged semiconductor
laser operating at 689 nm; and this packaged laser enables the use of such devices to create compact
sensorsin the 689nm window. The laser stability is enabled through the use of suitably small cadmium
manganese telluride optical isolators and a customised 14-pin butterfly package that is compatible
with 14-pin butterfly mounts. We show expected single-mode, single-wavelength operation and
report the RIN and frequency noise measurements of the 689nm single wavelength AlGalnP laser
diode.
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