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ABSTRACT

This thesis presents the fabrication and characterization of high brightness laser
diodes with monolithically integrated wavelength locking. The work focuses on two
wavelength ranges, 1.5 um and 1.18 pm, relevant to specific application targets. The
lasers emitting around 1.5 pm are primarily aimed at eye-safe LIDAR (/ight detection
and ranging, a group of 3D scanning technologies) applications. 1.18 pm wavelength
region is important for frequency doubling into yellow-orange wavelength range.
These wavelengths have especially medical applications and are practically unreach-
able with direct emission using current semiconductor material technology.

Application requirements are approached using two component variants: tapered
distributed Bragg reflector laser diodes (tapered DBR-LDs) and broad area DBR-LDs.
In both variants, the wavelength locking DBR element is integrated monolithically
on the same chip as the active region, enabling smaller component assembly foot-
prints and cost-effective fabrication. Tapered DBR-LDs comprise three sections: ta-
pered mode expansion and power amplification section, ridge waveguide section pro-
viding lateral mode filtering, and DBR grating section providing longitudinal mode
filtering. Broad area DBR-LDs comprise wide active region and DBR grating. The
tapered design provides better beam quality for the applications where a Gaussian
beam is required, while the broad area design provides higher output power and eas-
ier device operation with a reduced beam quality.

1.18 pm tapered DBR-LDs reached a continuous wave (CW) output power of
4.04 W, while 1.5 um tapered and broad area DBR-LDs reached pulsed peak out-
put powers of 4.6 W and 6.1 W, respectively. Wavelength locking reduced temper-
ature change induced wavelength drift to 0.1 nm/°C and spectral full width at half-
maximum to 0.3 nm or below. The results are compared quantitatively to results
published by others. At the time of publication, these results progressed the state of
the art in their own respective categories and have served as the stepping stone for

further research and results in the field of high-brightness, wavelength locked lasers.
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TIVISTELMA

Tama viitoskirja esittelee tutkimustuloksia monoliittisesti aallonpituuslukittujen
suuren kirkkauden laserdiodien valmistuksesta ja karakterisoinnista. Tutkimuksen
atheena on kahdella sovelluskohteiden mukaan valitulla aallonpituusalueella, 1,5 um
ja 1,18 um, toimivat laserdiodit. Aallonpituusalueen 1,5 pm laserdiodit on suunnattu
erityisesti silmdturvallisiin LIDAR-sovelluksiin (/ight detection and ranging, "valo-
tutka", joukko erilaisia 3D-skannausteknologioita). Aallonpituuden 1,18 pm diodit
ovat tirkeitd taajuuskahdennettuja kelta—oransseja lasereita varten, joita kiytetddn
erityisesti lddketieteellisissd sovelluksissa. Niitd aallonpituuksia on hyvin vaikeaa
tuottaa diodilaserin suoralla emissiolla kdytossd olevien puolijjohdemateriaalien omi-
naisuuksien vuoksi, ja taajuuskahdennuksella titd rajoitusta saadaan kierrettya.

Sovellusvaatimusten tdyttimiseksi on tutkittu kahta erilaista laserdiodiarkki-
tehtuuria, kapenevia hajautetun Braggin peilin lasereita (kapeneva DBR) ja leveitd
hajautetun Braggin peilin lasereita (leved DBR). Molemmissa komponenttityypeissd
hajautettu Braggin peili on liitetty sirun aktiiviseen alueeseen monoliittisesti, jol-
loin laseria komponenttina kiyttavistd jirjestelmistd saadaan pienikokoisempia ja
jarjestelmien valmistus on edullisempaa. Kapenevat DBR-laserit koostuvat kolmesta
osasta: kolmiomaisesta optisen moodin laajennusosasta, harjanneaaltojohdeosasta,
joka suodattaa pois korkeampia poikittaisia moodeja, ja hajautetusta Braggin peilistd,
joka valitsee yhden pitkittdisen optisen moodin. Leveissi DBR-lasereissa on leved
aktiivialue seki hajautettu Braggin peili. Kapenevissa DBR-lasereissa on parempi
siteenlaatu sellaisia sovelluksia varten, joissa tarvitaan Gaussista lasersidettd, kun
puolestaan leveissi DBR-lasereissa on suurempi teho, helpompi kiytettivyys ja
huonompi siteenlaatu.

1,18 pm laserit tuottivat suurimmillaan 4,04 W tehon. Kapenevat ja leveidt 1,5 um
DBR-laserit tuottivat parhaimmillaan 4,6 W ja 6,1 W tehon. Aallonpituuslukitus
vihensi lampdtilan muutoksesta johtuvan aallonpituussiirtyman arvoon 0,1 nm/°C

ja spektrin puoliarvonleveyden arvoon 0,3 nm tai sen alle. Viitoskirjan tuloksia ver-
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taillaan kvantitatiivisesti muiden julkaisemiin tuloksiin. Julkaisuaikanaan nimi tu-
lokset edustivat alansa huippua ja ovat sittemmin johtaneet uuteen tutkimukseen ja

tuloksiin korkeatehoisten, aallonpituuslukittujen laserien saralla.
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1 INTRODUCTION AND SCOPE

Since their original demonstration in 1960 [1], lasers have become a ubiquitous and
versatile technology. They are used in industrial welding [2], telecommunication
systems [3], medicine [4], spectroscopy [5], consumer electronics [6, 7], and many
other fields. The wide spread of laser applications has been enabled by the diver-
sity of distinct laser technologies. The term laser is a general concept where light is
amplified in a cavity through the process of stimulated emission, and there are multi-
ple technical implementations how this can be achieved. For applications requiring
high power, such as welding, solid-state and gas lasers with tens of kilowatts of out-
put power are available [8]. Consumer DVD and Blu-Ray players utilize cheap and
compact mass-producible diode lasers [9, 10]. Molecular dynamics during chemical
reactions can be imaged using massive X-ray free-electron lasers that can be several
kilometers in length [11].

In many cases, where the affordability of the laser enables the spread of the appli-
cation, or where the application requires compactness, the optimal solution is a diode
laser. Diode lasers are based on semiconductor materials with the ability to generate
stimulated photons when an excited electron relaxes from the conduction band to
the valence band. Semiconductors often provide high gain, enabling compact cav-
ities, and existing mass-manufacturing methods make it possible to cost effectively
produce large volumes of small semiconductor chips. The market volume of high-
power diode lasers (HPDLs) is large, and often these lasers are the most appropriate
solution when high-power light sources are needed. Conventional HPDLs, found in
most HPDL applications, are realized with the most simple cavity layout where the
cavity is formed between two parallel facets of a semiconductor chip with an elec-
trically pumped wide stripe running on top of it. Although such broad-area laser
diodes (BA-LDs) are excellent in many applications, they suffer from limitations in
brightness and spectral intensity: the laser beams they produce cannot be collimated

or focused well, and the optical power is spread over a large spectrum of wavelengths.

23



This thesis addresses how to enhance the properties of HPDLs by increasing their
radiance and spectral intensity by integrating appropriate elements monolithically
on the semiconductor chips, as well as using novel material systems as the basis: pre-
viously proven design solutions, such as tapered waveguides, broad-area waveguides,
and gratings, are taken and combined together with new material systems in order to
meet specific targets. Such compact, cost-effective laser diodes providing high power,
good beam quality and narrow spectrum could be ideal light sources in many applica-
tions. Table 1.1 shows the suitability of various diode laser technologies for different
application requirements. In this thesis, two particularly attractive application cases,
LIDAR and second harmonic generation (SHG), are addressed. Due to application
requirements, the work is based around two wavelengths, 1.18 um and 1.5 pm.

Table 1.1 Suitability of various laser diode technologies for application requirements. The technologies
are explained in more detail in chapter 2.

Application requirement

|| Wavelength locking | Power | Brightness

RWG-LD - + ++

Eﬁ DBR-LD ++ + ++
_§ DBR-BA ot ++ -

Iij Tapered RWG - ++ ++

Tapered DBR ++ ++ ++

LIDAR is a method, analogous to radar, utilizing electromagnetic radiation for
consecutive ranging of distance and using the data to construct a 3D image of the
target or the surroundings. LIDAR can be utilized in many applications, such as
forestry [12], oceanography [13], meteorology [14], geology [15], and glaciology
[16], as well as in engineering applications such as architectural modeling [17] and
object detection and recognition for automation [18]. The LIDAR systems can be
terrestrial [19], airborne [19], or maritime [20]. Most compact LIDAR systems can
even be mounted on handheld electronics [21].

In a most basic implementation, a LIDAR comprises a laser and a detector. The
laser emits a short, nanosecond scale laser pulse towards the target. When the pulse
hits the target, some of it is scattered towards the detector, and the distance to the tar-
get can be calculated from the time difference between the emission of the pulse and

the detection of scattered light. This kind of LIDAR and many of its embodiments
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are classified under the term time of flight (ToF). In practice, in order to operate over
longer distances and construct a 3D image, additional components are required e.g.
to increase the collection efficiency of the scattered light and to vary the pointing
direction of the laser and the sensor. Other LIDAR variants not based on the ToF
principle can, for example, utilize single frequency continuous-wave (CW) lasers and
measure the velocity of the target from the Doppler-shifted frequency difference be-
tween the emitted and received light.

Different LIDAR applications have varying requirements for the lasers utilized
as light sources. The lasers developed in this thesis are primarily aimed to serve in a
particular implementation of automotive LIDAR [22, 23], an application that is at
the moment a rich sub-field of LIDAR development because of the vast commercial
potential. This type of use of LIDAR has been a focus of research due to the advent
of self-driving cars and other autonomous vehicles. For vehicle automation, LIDAR
is a key option for environmental mapping and obstacle detection alongside other
technologies such as cameras and radar.

The other main target application of this thesis, SHG [24, 25], also known as
frequency doubling, is a phenomenon discovered soon after the first laser was re-
ported. In SHG, two photons of the same wavelength interact with a nonlinear op-
tical medium, and a new photon with twice the frequency is generated. For SHG, the
structure of the optical medium must be without inversion symmetry, and for this
reason a special material, such as lithium triborate (LiB;O5) or periodically poled
lithium niobate (PPLN) crystal, is required. Due to its nonlinear nature, the SHG
response of the medium scales quadratically with the intensity of the incident optical
field.

Perhaps the simplest and most familiar application of SHG is simply convert-
ing laser light with wavelength A to light with wavelength A/2, i.e. doubling its
frequency. This is what happens, for example, in green laser pointers [26]. Other
applications include characterizing ultrashort laser pulses by autocorrelating them
inside an SHG medium (frequency-resolved optical gating, SHG-FROG [27]), and
using the ability of suitable microscopy samples to generate SHG signals to obtain
improved imaging resolution as well as other advantages (second-harmonic imaging

microscopy [28]).
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1.1 Requirements for LIDAR applications

As with most engineering solutions, automotive LIDAR implementations have to
balance between technological and economical trade-offs. The laser used in a LIDAR
system has to have enough output power to generate sufficient backscattering from
the target for the detector to pick it up, but the power consumption of the laser must
not be excessive and the scanning beam must be safe for other road users. The smaller
the LIDAR module is, the easier it is to fit into vehicles without awkward structural
or aesthetic drawbacks, but miniaturization also places constraints on the laser tech-
nologies used. The wavelength of the laser must be selected so that there is not too
much atmospheric absorption, but this also means more background radiation from
the sun and reduced signal-to-noise ratio.

One absolute necessity for LIDARSs to be used in traffic is that they are eye-safe.
This poses a wavelength-dependent restriction on the output power of the LIDAR
laser. According to the IEC 60825 safety standard [29], in the wavelength range from
visible to near-infrared and a pulse length of 1ns, the highest allowed maximum
permissible exposure (MPE) in J cm™ is approximately in the band from 1500 nm
to 1800 nm. However, many current LIDAR systems operate in the range 800 nm
to 1000 nm [30, 31], where the equivalent MPE is rougly six orders of magnitude
lower. One explanation for this is the availability of inexpensive and high perfor-
mance diode lasers and detectors in this wavelength range, and in some cases even
the more restricted output power is sufficient. Usually, submicron wavelength range
HPDLs are used in line scanning LIDAR implementations. BA-LDs (such as the one
in [PublIl]) have a good beam quality in the fast axis direction and poor beam quality
in the slow axis direction, and thus a sharp scanning line can be formed from their
output beam.

Scenarios where the relaxed output power constraints of e.g. 1500 nm LIDAR
systems would be handy include weather conditions with reduced visibility: rain,
fog, and snow: these longer wavelengths have been reported to penetrate fog and
rain better [32]. Moreover, the simple fact that more photons can be launched to-
wards the target before reaching the eye-safety limit also helps to receive a higher
signal level when a large part of the emitted light is lost during the propagation. LI-
DAR performance in adverse weather is critical for the development of autonomous

vehicles, since they need to be able to perform reliably also in these challenging but
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common conditions. These limitations in existing LIDAR implementations and the
demand for all-weather automotive LIDAR systems have driven the HPDL develop-

ment in this thesis.

Fig. 1.1 Artist’s depiction of a LIDAR working in challening weather conditions. [33]

Wavelengths around 1500 nm are also suitable for LIDAR use in terms of atmo-
spheric transmission, since there is very little absorption in the wavelength range
from 1500 nm to 1800 nm [34]. This, however, means that there is also a high back-
ground noise level originating from solar radiation, shown in Fig. 1.2, which is a
problem on a sunny day since it may overwhelm the actual signal. To reduce this
effect, a bandpass filter may be applied to the receiver of the LIDAR system. This
way only the wavelengths that are emitted by the laser reach the detector, and most
of the background noise is eliminated. The wavelength filtering must be done in a
way that ensures that the emission wavelength of the laser, which can be affected by
e.g. the operating temperature and random wafer quality variation during the laser
fabrication process, is always within the passband of the filter. Thus, a laser with
a narrow, stable and predictable emission wavelength provides the best basis
for background noise filtering. This kind of laser is demonstrated in [PublI,
PublIl].

Unlike in currently used solutions with emission in the 900 nm range, at 1.5 pm
point scanning is the preferred LIDAR scanning approach instead of line scanning.
Cheap Si-based detectors allow cost-efficient detector arrays necessary for line scan-
ning at near-infrared [30], but for InGaAs technology, required above approximately
1.2 pm, such detector arrays are expensive. Thus, alow-cost 1.5 um LIDAR system is
limited to a single-pixel detector and point scanning. [36] Point scanning, also called
2D scanning, can be implemented with various technologies. The most common

ways to direct the laser beam are mechanical (e.g. rotating or oscillating mirrors or
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Fig. 1.2 Extraterrestrial solar spectrum and spectrum incident on a ground-level surface tilted 37° to-
wards the equator and facing the sun under standard atmosphere. Adapted from [35].

prisms), microelectromechanical (MEMS, millimeter-scale mirrors rotated by elec-
trostatic, magnetic, thermal or piezoelectric actuators), and optical phased arrays
(OPA, controlling the phase of light in adjacent waveguides to produce constructive
interference in the desired direction) [31].

Especially in 2D point scanning, the beam quality of the laser is important from
the perspective of the spatial resolution of the LIDAR [37]. The better the beam
quality is, the better the beam can be collimated and thus a smaller spot size
can be achieved at the target. Demonstration of such a laser for eye-safe LIDAR
motivated [PubIII]. Other factors affecting the spatial resolution include the frame
rate of the LIDAR system and the pulse repetition rate of the laser. If a high spatial
resolution (i.e. more data points) is wanted, generating a single scan frame takes a
longer time, which lowers the frame rate. A higher pulse repetition rate on the other
hand enables faster scanning.

Another way to utilize high-power and narrow spectral width diode lasers for
LIDAR is to use them as seed lasers for erbium-doped fiber amplifiers (EDFAs) [38]
operating around 1550 nm. Fiber amplifiers enable much higher peak output power

than any diode laser, over 100kW [39]. The availability of high optical power at
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an eye-safer wavelength, compared to sub-micron wavelengths, enables weather LI-
DAR implementations utilizing e.g. flash LIDAR, gated imager and line scanning
methods. Since the cost of the fiber amplifier system is anyway rather high and be-
yond the realm of mass producible consumer products, the added cost of an InGaAs
detector array required for these LIDAR approaches is tolerable. However, there is
a strong drive to push down cost and footprint of fiber laser and detector to enable
its use in automotive LIDAR in the future.

Operating the EDFA in the gain saturation regime using a high seed power im-
proves the performance by reducing the noise caused by spontaneous emission [40],
and fewer amplifier steps would be required in an amplifier cascade system [41] en-
abling less bulky and cheaper lasers. The amplifiers maintain the emission wave-
length of the seed laser and may even reduce the spectral width through gain narrow-
ing [42], retaining the ability to use narrow bandpass filters at the LIDAR receiver.

Typically seed lasers in ns-pulsed fiber lasers are based on simple laterally single-
mode waveguides and allow output powers below 100 mW. Around 1060 nm wave-
length, however, tapered DBR lasers have enabled the coupling of 3.5W optical
power (with 65 % coupling efficiency) into single mode fibers [43], indicating that
ns-pulsed 1.55 pm tapered lasers could be ideal for seeding the EDFA in LIDAR ap-
plications. This has motivated [PublII] and subsequent work. For single mode
fiber coupling, a tapered laser design with a high beam quality is required for
efficient coupling of light into the optical fiber.

LIDAR wavelength considerations

Laser emission wavelength has three parameters that affect LIDAR operation: center
wavelength, spectral width, and wavelength stability.

The center wavelength has both qualitative and quantitative effects on the LI-
DAR system. At wavelengths shorter than approximately 1.1 um silicon based de-
tectors can be used. Si detection technology is well established and cheap thanks to
its proliferation in consumer goods like digital cameras. Cheap Si detector arrays
enable the use of LIDAR implementations that detect light from multiple points si-
multaneously, like line scanning and flash LIDAR. The selected center wavelength
also determines the material system used in the laser diode: AlGaAs/GaAs and In-
GaAs/GaAs based lasers can be used with Si detectors while InGaAsP/InP lasers
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Fig. 1.3 Maximum permissible exposure at the human cornea for various wavelengths for 50 ns long
pulses. [29] Note over six orders of magnitude difference between 1.5 Um and 900 nm ranges.

emit longer wavelengths that require more expensive InGaAs based detectors.

An important aspect of the center wavelength from the point of view of LIDAR,
and one of the main themes of this thesis, is that the eye-safety power limits are
highly wavelength dependent. The corneal MPE ratings for 50 ns pulses is shown in
Fig. 1.3. The shape of the curve results largely from the optical transmittance of the
human eye, since the retina is highly vulnerable to damage from optical radiation.
The wavelength range above 1400 nm is often labeled as eye-safe due to the strong
absorption of light by the cornea and the lens at these wavelengths [44].

The main impact of the spectral width of the laser used in a LIDAR system results
from the filters that can be used in combination with the detectors. The detectors
themselves, both Si and InGaAs in their respective wavelength ranges, have broad
wavelength responsitivities, and purely from the point of view of LIDAR operation
also broad wavelength bands could be used. However, a broad detection band also
collects more background radiation which reduces the signal-to-noise ratio (SNR).
Since the LIDAR is wanted to be operated in a wavelength range where atmospheric
absorption is low, the background radiation level will be high. If the emitted power

can be squeezed into a narrow wavelength range, the background radiation outside
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Fig. 1.4 Transmitted solar background radiation around 1550 nm when 50 nm FWHM or 10 nm FWHM
Gaussian bandpass filter is used. The narrower filter reduces the transmitted radiation by 79 %.
The solar irradiance is based on AM1.5 spectrum [35].

this range (and some suitable margin) can be filtered out by using a combination of
short pass and long pass filters. Fig. 1.4 shows the transmitted background radia-
tion when either a 50 nm full-width at half-maximum (FWHM) or a 10 nm FWHM
Gaussian bandpass filter is used around the center wavelength 1550 nm. In the latter
case the transmitted background radiation is reduced by 79 %.

In order to utilize as narrow passband filters as possible to improve the SNR, hav-
ing a narrow emission spectrum is not alone sufficient. The peak gain wavelength
of the QW shifts as a function of temperature (e.g. for the used 1.5 pm material the
rate of shift is approximately 0.5nm/°C [PublI]), and since the ambient tempera-
ture conditions in a consumer automotive environment can vary from —40°C to
80°C, without any stabilizing mechanism the detector passband would have to be

unnecessarily wide.
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1.2 Requirements for second harmonic generation

Although diode lasers have many advantages, such as mass-producibility, compact-
ness, high output power and ease of operation through electrical pumping, one dis-
tinct disadvantage is that there are some wavelength ranges where feasible semicon-
ductor gain materials have not been discovered. Earlier, for example, blue was such
a wavelength range, and the invention of a high-efficiency gain material for the blue
wavelength range [45, 46] was considered such a breakthrough that the inventors
were eventually awarded with the Nobel Prize in physics [47]. In the yellow-orange
wavelength range, direct lasing using a semiconductor gain material has only been
achieved under temperatures [48] or pressure conditions [49] which are challenging
to maintain in application use, or by optical pumping [50]. Lasers in this wavelength
range have many applications e.g. in the medical field [51-53].

An alternative way to use diodes to produce laser light in the challenging wave-
lengths is to use a frequency doubling scheme. If the target wavelength is A,, a laser
diode with emission wavelength 24, is used and a part of the emitted light is con-
verted to the correct wavelength using second harmonic generation (SHG). This
method has been used to produce, for example, high yellow output power using
a vertical-external-cavity surface-emitting laser with a semiconductor gain chip [54].

For the second harmonic generation process to be efficient, the incident beam

has to satisfy two parameters:

1. The beam must have high brightness [55, 56].

2. Most of the output power must be confined to a narrow wavelength range [57].

Requirement 1 results from the feature that the SHG conversion efficiency in-
creases with the incident optical power. Thus, the efficiency can be increased by
focusing the beam tightly inside the nonlinear medium. However, due to the be-
haviour of Gaussian beams [58], focusing the beam tightly in the middle of the
medium causes a large divergence outside of the beam waist, and thus the overall
efficiency decreases. In order to obtain the maximum overall conversion efficiency,
the beam waist and divergence must be optimized according to the properties of

the medium used. For Gaussian beams, the optimum beam waist radius ¢, can be
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calculated as

. AL
Wy = Zé'nno’ (1.1)

where A, is the fundamental wavelength, L is the length of the crystal, £ is the fo-
cusing parameter (& = 2.84 for quasi phase matched crystals), and 7, is the crystal
refractive index at the fundamental wavelength [56]. Brightness (sometimes referred
to as radiance) L is a useful quantity for determining the quality of the laser source

for high power density focusing and collimation, defined as [55]

P
L=—— 1.2
nwjmh? 12
where P is the optical power over, and @ is the divergence angle, incorporates all
these features required for obtaining a high SHG conversion efficiency. It is also
tightly related to the laser beam quality factor M? defined as
A
0=MmM——, (1.3)

Ty

where A is the wavelength. Using M2, radiance can be written as

pr

Requirement 2 arises from the challenge that, due to normal dispersion in the
nonlinear medium (i.e. the refractive index decreases with increasing wavelength),
the incident light and the frequency-doubled light start to go out of phase when
propagating along the optical axis in the medium [59]. This phase mismatch reduces
the efficiency of the SHG conversion. One solution to this is quasi-phase-matching
(QPM) the medium [60] by fabricating it so that one of the crystalline axes is in-
verted periodically along the optical axis. However, QPM only works for a partic-
ular, narrow acceptance wavelength band [57], which can be tuned by changing the
temperature of the nonlinear crystal [61].

The conclusion that can be made based on requirements 1 and 2 is that a
laser suitable for SHG should have high output power, good beam quality, and
narrow and stable emission wavelength.

At the time the work for this thesis was started, around 2015-2016, high-power
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sources with good beam quality were not available in the wavelength range from
1154 nm to 1240 nm. With frequency doubling these wavelengths can be used to
obtain wavelengths from yellow to orange which have e.g. medical applications
[62]. Wavelengths approaching 1200 nm could be obtained with GalnAs/GaAs laser
diodes which are highly efficient at shorter wavelengths, but extending the wave-
length by increasing the In content causes high strain in the quantum well and re-
quired the use of strain compensation layers to make the component operational.
An alternative way to reach this challenging wavelength range was to add a small
amount of nitrogen to the structure. Compared to GalnAs/GaAs structure, Galn-
NAs/GaAs has reduced strain and improved carrier confinement, leading to better
performance. Due to the requirements of SHG, the dilute nitride material was first
tested with a distributed Bragg reflector laser diode (DBR-LD) [PubIV] and later
with tapered DBR-LD [Publ].

SHG wavelength considerations

SHG has tighter spectral width requirements than ToF LIDAR. The wavelength
acceptance bandwidth depends on the nonlinear material, the fundamental wave-
length, and the length of the crystal. For example, for periodically poled lithium
niobate, at 1 um fundamental wavelength and 1cm crystal length, the wavelength
acceptance bandwidth is approximately 0.02nm [63], although various techniques
have been presented to increase the bandwidth [64]. Knowing the material proper-
ties of the nonlinear medium, the FWHM acceptance bandwidth AA can be calcu-

lated as )
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where Ay and Ag;; are respectively the fundamental and the frequency doubled wave-
lengths, L is the length of the crystal, and 7y and ng; are respectively the refractive
index at the fundamental and frequency doubled wavelengths [57].

The desired center wavelength of the fundamental SHG light is determined by
the application, and the SHG crystal poling period is matched accordingly with fine
tuning performed by controlling the temperature of the crystal. The wavelength
stability requirement follows from the wavelength acceptance band of the used SHG
technique. If the wavelength shifts by half of the FWHM acceptance bandwidth
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from the peak efficiency wavelength, the SHG efficiency drops to half.

Considerations related to the choice of SHG crystals

Nonlinear crystals can be divided into three categories depending on their ability to
confine incident light: 2D, 1D, and 0D. Waveguide crystals confine light both in hor-
izontal and vertical directions (2D), and are best suited for small power operation,
since the light can be kept tightly confined along a long distance for increased con-
version efficiency. At high powers, the tight confinement of light at the input facet
easily damages the crystal facet. For example, the non-tapered laser in publication
IV would be a rather ideal source for a waveguide crystal but e.g. the multi-watt level
tapered laser in [Publ] could damage such a crystal. 1D crystals offer a planar waveg-
uide. This enables confinement in one direction along the length of the crystal while
enabling higher input powers compared to 2D confining crystals. Finally, 0D crys-
tals offer no confinement at all. This makes coupling of light the easiest compared
to 1D and OD crystals since there is no small waveguide that needs to be targeted
with the input beam, but the beam diverges inside the crystal so a tight focus along a
long distance cannot be achieved. 1D and 0D crystals need multi-watt power levels
from the laser diode, such as the one in [Publ], because otherwise the optical field
intensity inside the crystal is too low for efficient non-linear conversion. Table 1.2

lists state-of-the-art results obtained with different crystal types.

Table 1.2 State-of-the-art results with different nonlinear crystal types.

SHG power (W) Pump power (W) Pump wavelength (nm) Ref. and notes
oD 15 9.3 1062 [65]
S oD 3.7 9.5 1063 [66], two cascaded crystals
2
5 1D 1.07 4.1 1064 [67]
2D 0.86 2.03 1178 [68]

1.3 Overview of the publications and the state of the art

Table 1.3 describes the application targets that have been studied and their relation
to publications I-IV. Publications I-III present results from high brightness and/or
high power wavelength locked lasers, while publication IV, although first in tempo-
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Fig. 1.5 State-of-the-art published and commercial results from tapered [69—72] and broad-area laser
diodes [73-77] and the results discussed in this thesis as a comparison [Publ, Publl, Publll].
Marker with green fill indicates wavelength locked (external) result. Marker with asterisk (*)
indicates pulsed operation.

ral sense, is listed last with the first results from wavelength locking. In addition to
the included publications, chapter 4 shows recent results that are still unpublished

but demonstrate further optimized brightness compared to published results.
Table 1.3 Research targets and their link to wavelengths and applications addressed in each publication.

Wavelength and application
” 1.18 um for yellow-orange lasers | 1.5 pm for eye-safe LIDAR

2 High power Pub I Pub II, Pub III
ga High brightness Pub I, Pub IV, In Progress Pub III, In Progress
F Wavelength locking Pub I, Pub IV Pub I, Pub III

Finally, Fig. 1.5 shows a comparison between state-of-the-art results and the re-
sults reported in the publications included in this thesis for both tapered and broad
area lasers aimed at both LIDAR and SHG.
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2 RELEVANT BACKGROUND ON LASER
TECHNOLOGY

2.1 General laser operating principle

Laser, originally an acronym of light amplification by stimulated emission of radi-
ation, is a device that circulates photons in a cavity containing a gain medium that
produces more photons through stimulated emission. A simple laser comprises two
mirrors to form the cavity with the gain medium in between, shown in on the left
side in Fig. 2.1. In order for the stimulated emission to take place and the laser
to function, the gain medium must be excited and a population inversion must be
achieved. This means that there has to be more particles in the excited state than in
the ground state, so that stimulated emission becomes more probable than the ab-
sorption of the photons. When the population inversion is achieved and a photon
interacts with an excited particle of the medium, the excitation is relaxed and a new
photon with an identical wavelength, phase, and direction is generated. When the
reflectance of one of the cavity mirrors is reduced below 100 %, some photons escape
the cavity on each round-trip, forming the output beam of the laser.

In edge-emitting semiconductor lasers, which are the focus of this thesis, the semi-
conductor acts both as the cavity and the gain medium of the laser. The opposite
facets of the semiconductor chip, cleaved along crystal lattice planes, act as the mir-
rors. The as-cleaved facets of common semiconductors used in lasers, such as GaAs
and InP, have a reflectance of about 30 % in air. The gain is provided by electrons e~
in the conduction band of the semiconductors relaxing into the valence band. The
valence band is populated by holes 57, i.e. pseudo-particles resulting from miss-
ing electrons, and in stimulated emission the excited electrons recombine with the
holes as shown on the right panel in Fig. 2.1. Excitation of the gain medium is usu-

ally achieved through electrical pumping by injecting an electric current through the
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Fig. 2.1 Left: Schematic model of a laser. Light circulates between the mirrors and is amplified through
stimulated emission by the gain medium. The amplification is made possible by the excitation
of the medium through pumping. Right: Stimulated emission in semiconductor. Excited electron
e~ recombines with the hole 5™ when an incident photon with energy Av interacts with the
system. As a result a new photon with identical energy, phase, and direction is generated.

semiconductor layer structure.

The semiconductor structure of a laser consists of multiple thin semiconductor
layers on top of a thicker semiconductor substrate. The lasers discussed in this the-
sis are mostly based on a double-heterostructure type called a quantum well (QW),
shown in Fig. 2.2. The QW is a thin layer with a thickness in the range of the de
Broglie wavelength of the injected electrons and holes, so that the electron and hole
energy states in the conduction and valence bands, respectively, become discrete.
The energy difference between the lowest conduction band state and the highest va-
lence band state is called the band gap, and it is equal to the energy of the photons that
are generated when an electron and a hole recombine in a particular structure. The
layer structure is designed so that the conduction band minimum and the valence
band maximum are situated in the QW layer, meaning that the injected electrons
in the conduction band and the holes in the valence band see the QW as a poten-
tial well and become trapped, improving the recombination efficiency. Surrounding
the QW are cladding layers providing carrier confinement, waveguide layers (also
called optical confinement layer, OCL) providing optical guiding perpendicular to
the semiconductor growth direction, meaning that the refractive indices of the layers
are selected so that the photons generated in the quantum well are guided parallel to
the quantum well plane, and contact layers to improve current conduction and re-
duce the resistance between the contact metal and the semiconductor. The semicon-
ductor layers on the substrate are grown epitaxially, i.e. so that the atoms forming

the grown layers adopt the crystal lattice structure of the substrate.
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Fig. 2.2 Band structure in the quantum well and barrier layers. z is the direction perpendicular to the
plane of the wafer. Eg are the band gaps for the QW and the barrier layers. E, is the recombi-
nation energy when an electron relaxes. [78]

2.2 Cavity modes

The optical field inside the laser cavity can only have certain spatial resonances due to
the wave nature of light. These resonances are called modes. The modes of the laser
are divided into longitudinal and transverse components. The longitudinal modes
are defined by the axis of the cavity and result from the condition for constructive
and destructive interference.

The emission spectrum of a laser is determined by two factors: the gain avail-
able for modes of the active region and the supported (passive) cavity modes. The
gain bandwidth describes the range of wavelengths that can be amplified by the gain
medium. For semiconductor lasers the gain bandwidth is usually continuous, bell-
shaped, and several tens of nanometers wide, depending on the active region.

A cavity confined between two reflecting mirrors is called a Fabry-Perot (FP)

cavity. In this kind of cavity the supported cavity modes result from the constructive
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and destructive interference of different wavelengths inside the cavity. Wavelengths
A for which the optical round-trip length of the cavity 2L is an integer multiple,
interfere constructively:

mA=2nL, 2.1)

where m is an integer, L is the length of the cavity and 7 is the effective refractive
index of the cavity. Conversely, if the optical round-trip length of the cavity equals
(m+1/2)A, the interference is destructive and these wavelengths are attenuated. The
distance AA between the constructive interference peaks follows the FP etalon free
spectral range:

)2

AAN) = PR 2.2)

The combined effect of the gain bandwidth and the supported cavity modes is a
comb-like emission spectrum shown on the left side in Fig. 2.3. The start, the end
and the envelope of the comb in wavelength space are determined by the gain band-
width and the spacing of the peaks by the cavity. Gain clamping occurs when the
primary mode starts to lase [79]. Often the cavity is so long that the neighbouring
peaks start to overlap in spectral measurements and only the envelope of the peaks
is seen, unless an extremely high resolution is used.

In a FP laser cavity, all resonant cavity modes are almost equally supported by
the cavity since the reflectance of each mode at both mirrors is approximately equal,
varied only by the dispersion of the effective refractive index of the mode at the facet
of the cavity, whose effect is usually negligible. In high power diode lasers the cavities
are usually so long that many resonant modes fit inside the gain bandwidth, and the
result is a wide emission spectrum.

Lasers exhibit frequency noise Av that broaden the output spectrum. In diode
lasers the fundamental limit for spectral linewidth is given by spontaneous emission
and carrier density fluctuations [80]. This limit can be calculated using the famous
Schawlow-Townes equation [81]

_4nhv(Ay,)?

Ay = , 2.3
v="" @3)

out

where hv is the photon energy, Av, is the resonator bandwidth, and P, ,, is the out-

ount
put power. In practice, the linewidths of physical lasers are usually much higher.

Transverse modes, as depicted on the right side in Fig. 2.3, result from the optical
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Fig. 2.3 Left: Emission spectrum determined by the gain bandwidth of the gain medium and the resonant
cavity modes. Right: Spatial energy distribution of transverse Hermite-Gaussian modes [82].

confinement provided by the semiconductor layer structure in the vertical direction
and the ridge waveguide in the horizontal direction. The primary, Gaussian mode,
labeled TEM,, and shown in the top left corner on the right side in Fig. 2.3, is usually
the only desired mode since it can be collimated and focused in an optimal way. The
way to limit the lasing to only the fundamental mode is usually to induce enough

losses to the other modes to suppress the gain they experience.

2.3 Wavelength locking with Distributed Bragg reflector

Many applications require a more narrow spectrum than provided by FP-LD. There
are multiple ways to select a mode or a group of modes in diode lasers. Generally, if
only one mode is predominantly lasing, the laser is called single mode. If the mode-
selection mechanism allows only a few modes to lase in a fixed wavelength region,
the laser is called wavelength locked because the mode selection locks the emission
wavelength of the laser in a range preventing it from shifting freely along the gain
spectrum.

The gain bandwidth arises from the material properties of the used semiconduc-
tor material. In order to affect the resonant cavity modes, the cavity mode spacing
should be altered by design so that only one mode fits inside the gain bandwidth,

or at least that the modes adjacent to the centermost mode are so far away that they
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have so little gain that their intensity is negligible compared to the primary mode,
or by suppressing unwanted modes inside the gain bandwidth. Since eq. (2.2) shows
that the only way to increase the spacing of the modes is to reduce the length of the
cavity or the refractive index, we opted to work with mode suppression because our
applications require high powers, and short cavities with a small mode volume make
obtaining high power difficult.

Elements locking the wavelength can be monolithically integrated on same chip
that provides the gain. Such elements tend to be periodic structures manipulating
feedback, gain or loss that different modes experience. Cavity elements can be in-
serted also outside of the gain chip forming a so called external cavity laser. A com-
mon approach is to have a narrow band reflector positioned on front of the gain chip
to provide mode selection while the back facet of the gain chip provides another end
of the cavity with wavelength insensitive reflection. Such lasers use, for example,
gratings embedded in the out-coupling fiber or in a volume crystal. Both approaches
allow fixed wavelength narrow band reflection. Wavelength tunable external cavity
lasers are achieved typically by using an external grating with the ability to select the
reflection wavelength by adjusting the angle of the grating with respect to incident
beam.

Distributed reflectance achieved with a monolithically integrated grating is the
basis of two important edge emitting diode laser types: the distributed feedback laser
diode (DFB-LD) [83] in which the distributed feedback (DFB) covers the whole cav-
ity, and the distributed Bragg reflector laser diode (DBR-LD) [84] in which one or
both of the cavity mirrors are replaced with a distributed Bragg reflector (DBR). The
primary difference between these two device types is that in a DFB-LD the grating
region also provides gain for the laser while in a DBR-LD the grating is passive.

DBR laser affects the intensity distribution of the resonant modes by making the
mirror reflectance wavelength dependent. This way, if the wavelength range in the
middle of the gain band can be made highly reflective and provide strong feedback
while the facets are nearly transparent at the edges of the gain band, only the cavity
modes in the center of the band can support lasing. A common way to accomplish
this kind of wavelength dependence is to use distributed feedback, where, instead of a
single highly reflective interface, the mirror consists of multiple periodical interfaces
with low reflectances. In a grating with two periodically stacked materials with dif-

fering refractive indices 7, and 7,, the wavelength A exhibiting in-phase reflectance
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where 7 is the average refractive index of the grating, A is the period of the grating

P! (2.4)

and [ is the order of the grating [85]. A is called the Bragg wavelength and eq. (2.4)
the Bragg condition.
The strength of the interaction of the grating and the mode can be characterized

by a coupling constant (also called coupling coetficient) «: [86]

kL, = %(ﬁ) 2.5)

n

where L, is the length of the grating, A is the grating period, A7 = [, — 7] is the
refractive index difference and 7z = (72, + 72;) /2 is the average refractive index.
With a low total grating reflectance, the width of the reflectance band can be

calculated as [87]
A2 376

Al=— —_—
anLg T
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where A s the reflectance band FWHM and 72, is the group refractive index of the

material.

2.4 Surface grating DBR lasers

Al DBR lasers in this thesis are fabricated using a regrowth free surface grating tech-
nology that requires deeply etched gratings penetrating the top cladding layer in or-
der to interact with the optical field deep inside the semiconductor stack. A sim-
ple surface grating DBR-LD structure, shown in Fig. 2.4, comprises a passive DBR
grating to provide the emission wavelength selection and an active ridge waveguide
(RWG) region to provide the gain. The RWG structure also filters out transverse
modes and enables laterally single mode lasing. Moreover, RWG enables the con-
finement of the injection current to the region where the optical gain is needed.
Laser diode chips are usually much wider than the actual laser beam due to practical
reasons, and without current limiting most of the injection current would be wasted
as heat or would result in photons being generated outside of the optical cavity.

Compared to buried grating structures, it is fairly challenging to fabricate first or-
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Fig. 2.4 Schematic of a basic DBR-LD. Injection current flows through the narrow ridge in the middle
creating a high current density. The active region, shown in red, is situated below the ridge. The
DBR grating is etched to the back of the component. The refractive index difference between
the ridge and the surrounding trench limits the transversal modes that the cavity supports.

der surface gratings since they require approximately 100 nm wide structures etched
deeply into the semiconductor with an aspect ratio between 10 and 20. For this
reason we chose to utilize 3rd order gratings that allow more manageable aspect ra-
tios. Higher order gratings introduce a loss term associated with the energy transfer
between the propagating mode and the radiating modes that are orthogonal to the
direction of propagation [88]. However, it possible to choose the grating geome-
try in a way that allows high reflection and low losses [89]. Rather un-intuitively
even very high order gratings allow sufficient reflections for operation as long as the
etched lines are suitably narrow. For example, reference [90] has demonstrated the
use of 80th order gratings in DFB lasers.

In this thesis, DBR technology was selected over DFB due to the used grating
fabrication methods. With buried gratings, fabricated with epitaxial regrowth, high
power DFBs have been routinely demonstrated, but with surface gratings the effect
the grating has on carrier injection makes obtaining high power difficult. With DBR
the grating is passive so no carrier injection is required.

The geometry and order of the grating affect the coupling coefficient « and,
through it, the width of the reflectance band. [91] By etching the grating lines deeper,
alarger fraction of the optical field inside the laser cavity overlaps the refractive index
step between the semiconductor and the filling material, and the feedback provided
by an individual grating element pair is increased. To optimize the grating reflec-

tivity profile, a balance must be found between « and L,; a large « enables shorter
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Fig. 2.5 Cross-sectional scanning electron microscope (SEM) image of a 1.5 im BA-DBR grating. [Publl]

gratings but wider reflectance band and a longer grating enables narrower reflectance
band but is impractical in device fabrication and operation. Also the grating profile,
especially the angle between the grating walls and the surface and the rounding of the
edges at the bottom of the grating line, affect the . [92] An example of a V-shaped
grating used in [PubllI] is shown in Fig. 2.5.

Since the point of a DBR cavity mirror is to provide wavelength-dependent feed-
back, it is necessary to reduce the non-wavelength-dependent reflection originating
from the facet on the side of the DBR grating. This is performed by applying a suit-
able antireflection (AR) coating on the facet. The coating consists of one or more di-
electric layers with suitable refractive indices to attenuate the reflectance in a certain
wavelength band through destructive interference, much like the DBR grating is de-
signed to provide increased reflectance through constructive interference. The width
of the efficient antireflectance band is related to the number of dielectric layer pairs,
but in many cases a single pair provides a wide enough AR band to cover enough of
the gain bandwidth to suppress modes not supported by the DBR grating.

The mode selected by a DBR-LD depends on the mode suppression ratio (MSR),
determined from the gain and mirror loss difference between the lasing mode and

the next strongest mode, assuming all other conditions for the modes are equal. The
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MSR can be estimated by [93]

Aa+A
Aat+Ag

MSR=
8G

1, (2.7)
where Aa = a,,(4;)—a,,(4,) is the difference between the mirror losses at the two
wavelengths, Ag = I'g(4,) —T'g(4,) is the difference between the modal gain at
the two wavelengths, and 8. = 2,,(4,) — [T'g(4,) — 2, ] is the difference between
the mirror loss and the net modal gain for the primary mode. The gain difference
results from the shape of the gain bandwidth provided by the active region and the
mirror loss difference results from the reflectivity of the grating and the longitudinal
mode spacing of the cavity. The mirror loss is related to the threshold gain and the

internal losses of the laser by [94]

1 1
gy = (o) + 1[—] 2
Lpgr 7’1|7’g|

where T is the confinement factor, g, is the threshold gain, (2;) is the internal losses
of the laser, Lz is the length of the laser cavity using the effective length of the
grating, and 7, and ré are the reflectivities of the cleaved facet and the grating, re-
spectively. A simulated mirror loss is sketched in Fig. 2.6 for a 5mm long cavity
with a 2 mm long DBR grating, showing best feedback for a mode at 1164 nm. The
front facet reflectivity, if flat, has no effect on the mirror loss difference of the ad-
jacent cavity modes. The front facet can thus be used, for example, to increase the
tolerance to external feedback and to narrow the linewidth of a DBR laser when
it is increased [95] or to improve the output power when decreased, as in this the-
sis. However, in the case of tapered RWG lasers, increasing the front facet reflection
reduces the beam quality [96].

The distinctive characteristic of a DBR-LD is that when the pumping of the gain
region is increased, due to heating, the gain spectrum red-shifts independent of the
DBR spectrum. This also means that the laser undergoes longitudinal mode hops
during pumping ramp-up. The lasing mode is typically the one with the highest
DBR reflection over the whole operation range of the DBR-LD, up to the thermal

roll-over of the gain.
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Fig. 2.6 Simulated cavity mirror losses with one cleaved facet and one DBR mirror with multiple cleaved
facet reflectances shown. The DBR grating period is 511 nm, the length of the grating 2 mm, the
total length of the cavity 5mm and the etching depth of the grating 50 nm above the waveguide.
Simulation by Dr. Topi Uusitalo using CAMFR software [97].

2.5 Power and brightness scaling with tapered lasers

While the narrow ridge is good at suppressing unwanted horizontal modes, it lim-
its the power scaling of the laser for several reasons, including spatial and spectral
hole burning [98], catastrophic optical damage (COD), and thermal roll-over. Spa-
tial hole burning, meaning that at high power levels the gain is depleted at certain
spatial locations inside the cavity, is the result of a limited rate at which electron-hole
pairs can be injected into the active region. Spectral hole burning means that gain at a
certain wavelength range is depleted. COD is thermally induced damage to the laser
facet due to the absorption of high-intensity light at the laser facet. Thermal roll-over
is the effect that in CW mode the active region heats up due to pumping and the ab-
sorption of light, giving carriers more thermal energy to escape from QWs, which
decreases the slope efficiency of the laser until the output power no longer increases
even if pumping is increased. All these effects relate to the small transverse size of
the gain region. In the growth direction, the beam is anyway quite narrow, since sig-
nificantly increasing the vertical waveguide height would make the beam vertically
multi-mode. Making the RWG wider would similarly make the beam horizontally
multi-mode.

A solution to this problem, applied in this thesis, is to add a tapered section to

47



Fig. 2.7 Schematic of a tapered DBR-LD. An unetched tapered region is situated in front of the RWG.
Current is injected through the area highlighted with light blue colour. Separate injection currents
may be applied to the RWG section and the tapered section to have more control over the
operation of the device. The DBR grating at the back is unpumped, as in regular DBR-LD.

the front of the laser diode. The tapering is implemented by limiting the tapered sec-
tion injection current to a wedge-shaped area. The structure is depicted in Fig. 2.7.
Since there is no horizontal waveguiding in the tapered section to keep the beam
confined, the beam exiting the waveguide expands horizontally inside the tapered
section so that its width is increased by the time it reaches the facet, often by as
much as hundred-fold, depending on the opening angle of the taper and the length
of the tapered section. If designed and fabricated appropriately, the taper should
maintain the beam quality provided by the RWG [99] making it, in this regard, su-
perior compared to BA-LDs which are transversely multi-mode. On the other hand,
the expanded mode size at the output facet allows more output power before COD
becomes an issue, the larger mode size inside the tapered section pushes back the gain
saturation power level since the optical field intensity is reduced, and thermal man-
agement reduces thermal roll-over effect due to increased surface area of the tapered
section enabling higher heat conductivity.

From a beam optics point of view, the tapered DBR-LD forms an unstable res-
onator [99]. Only the optical field hitting close to the optical axis at the tapered
facet contributes to feedback into the cavity, and rest of the reflected light dissipates
off-axially into the component. The light transmitted at the facet on the other hand
refracts further away from the optical axis due to the semiconductor having a higher
refractive index than the surrounding air, making the far-field angle wider than the

angle inside the tapered section. The result is that in the horizontal direction, the
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divergence point of the emitted light appears to be inside the tapered section [100],
while in the vertical direction the beam starts to diverge at the facet, making the
beam astigmatic. The amount of astigmatism can vary at different operating condi-
tions of the laser, complicating the design of optical systems using a tapered laser as
the source.

A tapered laser provides a perfectly Gaussian beam only if the mode exiting the
RWG section is resonating solely in the fundamental transverse mode and it expands
in the tapered section without any perturbations in its wave front caused by varia-
tions of the refractive index. Issues with lasers containing tapered sections include
self-focusing and filamentation that deteriorate beam quality. At high optical field
intensities, spatial hole burning occurs which alters the refractive index of the mate-
rial locally. This variation in the refractive index causes self-focusing of the optical
wave and leads to filamentation [101]. Filamentation reduces the beam quality and
thus is detrimental for the properties of the laser from application point of view. It
has been reported that filamentation can be reduced by using a semiconductor layer

structure with a low QW confinement factor resulting in low modal gain [101].

2.6 Beam quality and its influence to applications

The beam quality factor of a laser quantifies how well the laser beam can be colli-
mated and focused. A Gaussian laser beam has the best possible beam quality and is
called diffraction limited. The beam parameter product (BPP) of a Gaussian beam is
constant and defined as
Oy = i, 2.9)
7
where 0 is the beam divergence half-angle, c, is the beam waist radius, and A is the
wavelength [55]. For non-Gaussian beams, the BPP is higher:
Oy = Mzi, (2.10)
7
where M? is the beam quality factor. For Gaussian beams, M2 = 1. In case of beams
with differing slow and fast axes, the slow and fast axis beam quality parameters can
be presented separately as M2 and Myz, respectively. The definition of the aforemen-

tioned parameters at the beam waist is shown in Fig. 2.8.
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Fig. 2.8 Schematic [102] of a laser beam around the beam waist and the parameters used to define
beam properties. z,. is the Rayleigh length defined as z, = na)g//{.

In LIDAR applications, the beam quality is most critical for point-scanning im-
plementations [37], and if a semiconductor laser is used as a seed laser for a fiber am-
plifier although in this case a high beam quality may not alone be sufficient [103]. In
line scanning, a bar of BA-LDs is often used with multiple emitters side by side. This
way the beam quality is vertically good (if the separate emitters are vertically single-
mode), and the horizontal beam quality is not much of an issue because it only needs
limited collimation due to the shape of the scanning line. In flash LIDAR the point
is to illuminate the whole target area at once, so no tight focusing or collimation is
needed.

For SHG, increased M? both reduces the nonlinear conversion efficiency and
changes the optimal focusing conditions inside the nonlinear medium [104]. An
estimate has been presented to calculate the obtained frequency doubled power Pgj;
based on the slow and fast axis beam quality factors

P
PSH:nlmlkLATA/[yy (2.11)
where 7, 1s the bulk crystal conversion efficiency (i.e. without any waveguide

in the crystal) and P} is the injected optical power at the fundamental wavelength
[105].

2.7 Power scaling with wavelength locked BA-DBR lasers

In some applications requiring wavelength locking but not high beam quality, a
broad-area DBR (BA-DBR) laser diode is a viable option. With only one contact, its

50



Fig. 2.9 Schematic of a BA-DBR. The geometry is similar to the regular DBR-LD, except that the ridge
is tens or hundreds of micrometers wide and thus transversely multi-mode.

packaging and operation is simpler than that of the tapered DBR-LD, and the wide
cavity enables high output power. Since there is no need for lateral mode confine-
ment as in regular DBR-LD, the RWG structure can be much wider increasing the
mode volume and therefore the output power without a separate mode expansion
section.

The far-field shapes of both the tapered DBR the BA-DBR are highly elliptical.
Since the far-field width in one direction is primarily the result of diffraction, a nar-
row exit aperture results in a large divergence angle. For all lasers discussed in this
thesis, the vertical size of the optical mode inside the laser follows from the waveg-
uiding provided by the semiconductor layer structure. As a result, inside the laser
the mode is very narrow in the vertical direction and thus the vertical (also known
as fast axis) far field is wide. In the horizontal direction, the optical field width re-
sults from the geometry of the horizontal waveguide or the area where the current is
injected if no waveguide is present. In the case of tapered DBR and BA-DBR, the op-
tical field is approximately as wide as the current injection area, resulting in a narrow

horizontal (i.e. slow axis) far field.
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3 METHODS

Laser diode development is in many ways an iterative process, where initial compo-
nents are usually designed based on simulations and previous experience, and then
refined in successive development iterations until the desired performance level has
been obtained. The components reported in peer-reviewed publications represent
the tip of the iceberg in terms of the number of fabricated devices, with a large num-
ber of better or worse intermediary components left unreported.

An important aspect of laser diode development and research is characterizing the
fabricated devices. In the research presented in this thesis, a semi-automated testing
system was used to run a standard set of characterization methods that are generally
applied to most fabricated laser samples. Besides the standardized measurements,
special measurement setups were constructed when needed. This chapter outlines
the standard measurement procedures and describes the advanced measurements that
had to be designed specially for the diodes discussed in this thesis. Additionally, other

aspects of the work that the author had a major contribution in are discussed.

3.1 Standard characterization methods

The basic characterization set that most devices undergo consists of three measure-
ments: current-power-voltage (ILV), far field (FF) and spectrum. For these mea-
surements, a dedicated, custom-built testing setup ("LDC5000") was used. It can
perform these three tests automatically on any chip that is mounted on a compatible
submount or heatsink, based on the parameters input by the operator. The measure-
ments can be performed either in continuous wave (CW) or in pulsed mode, with a
CW current limit of about 10 A to 12 A, a pulsed current limit of 15 A, and a min-
imum pulse length of 1ps. With multiple integrated photodiodes and the option
to use different spectrum analyzers the wavelength range spans from visible to over

2 ym.
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The ILV curve describes how the output power and the operating voltage of the
laser diode behave when the injection current is varied. The voltage behaviour can be
used to assess the quality of the semiconductor structure or the metal-semiconductor
junction, while the output power is often the most interesting parameter of the laser,
and e.g. the roll-over point can be used to evaluate the gain saturation and thermal
properties of the material and/or the ability of the packaging to provide sufficient
cooling. Four-terminal sensing [106] is used in CW measurements in order to ob-
tain more accurate voltage readings. The optical power is measured with calibrated
photodiodes connected to a 100 mm integrating sphere by Labsphere. The avail-
able current sources are Keithley 2400 SMU, Arroyo 4320 LaserSource, Newport
model 6000 laser diode controller, DEI PCX-7420 CW / Pulsed Laser Diode Driver,
and Keithley 2520 Pulsed Laser Diode Test System. Research activities linked to ta-
pered lasers required the development of new hardware and software interfaces and
connection methods to the equipment in order to control the multi section lasers
accordingly.

FF describes the angular distribution of the output power from the laser diode.
In LDC5000 this is measured using a photodiode attached to a sweeping arm that
rotates around the front hemisphere of the laser diode. Usually a single vertical and
horizontal sweep is performed to obtain the FF of two orthogonal directions (along
and perpendicular to the pn-junction), but the system also has the capability to mea-
sure a full hemisphere FF.

The spectrum measurement is based on the light hitting a diffraction grating that
separates the different wavelengths, and then measuring the optical power in the
spatial region corresponding to the desired wavelength. LDC5000 has an integrated
optical spectrum analyzer Anritsu MS9710C for measurements in the wavelength
range from 600 nm to 1750 nm and also an external interface that enables the con-

nection of other spectrum analyzers as required.

3.2 Special characterization methods for this thesis

3.2.1 Higher pulse currents, shorter pulses, pulse measurements

One limitation of the LDC5000 measurement system is the maximum pulsed injec-
tion current. DEIPCX-7420 driver provides pulsed current up to 15 A, but BA-LDs

54



and tapered LDs can handle much higher injection currents in pulsed mode. Also
in LDC5000 the current injection circuit is not optimized for short pulses which
means that in the case of large, short pulses the shape of the pulse is distorted due to
the inductance of the circuit.

The solution to this was to perform the measurements requiring short and/or
high pulsed current in a tabletop setup using specialized drivers, Dr. Heller Elek-
tronik HLD-500-30 and HLD-500-50. These drivers reach up to 50 A pulsed current
and down to 5 ns pulse length. The drivers are originally designed to operate TO-
can packaged components, so an adapter circuit board had to be constructed as an
interposer between the driver and the submount-mounted LD. To avoid the issue
with circuit induction ruining the pulse shape, the mounting of the driver was made
as close to the chip as possible so that the printed circuit board (PCB) lead length
was minimized, and the trace shape was optimized for low inductance. Also the
operation of the driver itself was nontrivial, requiring two voltage sources, a sig-
nal generator to set the repetition rate, and an oscilloscope to monitor the output.
The width of the pulses was set by rotating a miniature potentiometer on the driver.
Fig. 3.1 shows the pulsed driver mounted on the tabletop characterization setup.

Another limitation of the LDC5000 system is the measurement of optical power
in pulsed mode. In the standard setup, average optical power is measured and then
the peak pulse power is approximated using the target duty cycle of the laser. This
method becomes inaccurate with short pulses and high currents, when shape of the
electrical and optical pulse is far from square-wave. When a more accurate measure-
ment is desired, such as in [PublI], the measurement process is twofold: First, the
average optical power is measured just as in the standard measurement procedure.
Then, using the same laser parameters, the shape of the optical pulse is measured
using a fast photodiode (in this thesis, a Thorlabs DET08CL 5 GHz detector was
used) and an oscilloscope. The photodiode measurement gives the power profile in
arbitrary units that can then be calibrated using the corresponding average optical

power.

3.2.2 Characterization of multi-section diodes

Originally, LDC5000 was designed to characterize up to 2mm long single section

chips. However, with increasing power targets and the goal to study multi-section ta-
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Fig. 3.1 Dr. Heller Elektronik HLD-500-50 pulsed laser driver connected to a laser diode on submount
using interposer PCB. The laser and the submount are visible on the bottom left side, held in
place by four contact pins from the interposer PCB. Dr. Heller Elektronik PCB is in the back.
On the right front side of the interposer PCB, DC connector for secondary laser contact is vis-
ible. The pulsed laser driver has five connectors: operating voltage, high voltage for output
current adjustment, signal generator input for pulse triggering, trigger output for pulse frequency
monitoring, and current output monitor.

pered devices, support for longer cavities and separate injection contacts was needed.
For this end, in order to minimize the changes needed to the LDC5000’s thermal
management system, new heatsinks and current injection PCBs were designed and
implemented to accommodate submounts supporting longer chips and the capabil-
ity to inject multiple contacts with separate currents. Most of the designed tapered
LDs and DBR-LDs use two contacts, one for the tapered section and one for the
RWG section. The updated current injection design of LDC5000 enables either one
of the contacts to be controlled programmatically during the measurement, and the
other contact is DC biased manually with an external current driver. This capabil-
ity was used to measure the data in Fig. 3 (variable RWG section current) and Fig. 4
(variable tapered section current) of [PubllI], for example. A selection of similar
PCBs designed for multi-section laser tabletop characterization setups is shown in
Fig. 3.2.

Multi-section measurement capability was also required in table top setups, and
in this context a different challenge presented itself. The Dr. Heller driver that was
used to inject short pulses failed to function when the tapered section of the laser was

grounded, and since both the tapered section and the RWG section share a common
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Fig. 3.2 PCBs designed for multi-section laser tabletop characterization, compatible with the same laser
mounting block system. a) Interposer PCB designed for Dr. Heller Elektronik HLD-500-50 pulsed
laser driver with minimized lead lengths. b) DC injection PCB with soldered wire or Molex con-
nector connectivity. ¢) PCB designed for future pulsed operation with currents up to 120A. In
all PCBs the connection with the laser diode submount is done with four contact pins whose
mounting holes are visible on all boards.

n-side terminal, typical lab DC current laser drivers ground also the tapered section
of the laser. This issue was circumvented by building a current source using Analog
Technologies ATLS1A 103D driver module in combination with the corresponding
evaluation board. This module was driven using a floating voltage power supply to
prevent grounding, enabling the DC bias of the RWG section while the Dr. Heller

driver was used to operate the tapered section.

3.2.3 Robust tabletop laser mounting blocks

In tabletop measurements, the laser diode has to be mounted securely in place and
since the contact areas of the used AIN submounts are small (especially in multi-
contact operation), the spatial tolerances for mounting the submount and connect-
ing the current injection circuit are small. Also the thermal management of the diode
must be considered in case high current CW measurements are performed. To this
end, a new design of a laser mounting block acting as a heat sink to the submount
was created. The platform on which the laser was connected is modular, allowing the
attachment of both heatsink and submount mounted chips, and only the alignment

sheet metal piece has to be redesigned in case a new submount design is taken into
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use. For thermal management a thermoelectric cooler in combination with AD590
temperature sensor is used for fine tuning, while a closed water loop and chiller are
used to remove the excess heat from the laser and TEC. For the current injection, a
twin bearing mounted lid is used to lower a PCB with contact pins on the submount.
With Dr. Heller drivers, the whole driver is mounted on the lid to minimize the lead
distance and induction, while with regular drivers the PCB has Molex connectors for
easy usability. Compared to previous metal-on-metal or metal-on-plastic sliding de-
signs, the bearings provide a smoother range of motion that helps to ensure that the
contact pins hit their designated pads and do not damage the chip or the bonding
wires. Finally, if a heatsink-mounted laser is used with the block, there is an align-
ment screw that allows the operator to adjust the lateral position of the heatsink
to compensate for the mounting tolerances that arise from the manual mounting
of the submount on the heatsink. A mounting block with submount measurement

configuration is shown on the left side in Fig. 3.3.

3.2.4 Beam quality measurement

Perhaps the single most challenging characterization setup involved was the beam
quality measurement system. The methodology for beam quality measurement of
various beam types is standardized in [ 107-109].

Apparently the simplest way that the beam quality could be characterized would
be to use a photosensitive pixel array such as a CCD. The detector would be moved
along the beam axis, on both sides of a focused beam (or often in practice the detector
stays in place and the beam focus is moved), and the pixel intensity corresponding to
the spatial power distribution perpendicular to the optical axis would be measured.
From this distribution, the beam quality could be calculated using the second order
moments method.

The issue in this case was that since the 1.5 um wavelength region is far above the
silicon band gap wavelength, the beam from these lasers is invisible to inexpensive
CCD cameras. InGaAs arrays on the other hand, as explained before, are highly
expensive. We tested Bobcat 320 InGaAs beam profiler from Xenics NV for beam
characterization, but this camera had an uncoated glass window sealing the detector
array, and it resulted in an interference pattern shown in Fig. 3.4 around the beam

waist that ruined the measurement.
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Fig. 3.3 Left: Laser mounting block with top part removed. The block is mounted on a lab jack for
coarse height adjustment. Water cooling connectors are shown on the bottom right side, AD590
temperature sensor on the top left side. Wires going to a thermoelectric element, used for
temperature fine tuning, are shown in the middle. On the back there are two guide rods for the
upper, bearing mounted part and a threaded rod for fastening. Right: Mounting block positioned
for M2 measurement. Dr. Heller Elektronik HLD-500-50 laser diode driver is mounted on top. In
front of the block there is first an aspheric lens for fast axis collimation and a larger acylindrical
lens for slow axis collimation.

Fig. 3.4 Interference around beam waist preventing beam quality measurement using Bobcat 320 In-
GaAs camera from Xenics. Image taken with beam perpendicular to the camera detector. The
height of the pattern is about 2.5 mm and the width about 1.5 mm.
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Next, a pyroelectric camera Pyrocam III from Spiricon was tried, but this attempt
failed due to a more trivial issue. The camera hardware was somewhat outdated, and
while the pyroelectric array was perfectly functional, no way was found to interface
it with the measurement PC due to its obsolete IEEE 1394 Firewire connector.

Finally we settled on Thorlabs BP209-IR /M scanning slit beam profiler in con-
junction with Thorlabs M2MS M2 measurement system. This posed some limita-
tions on the measurement parameters, such as a lower limit of 200 kHz for the pulse
repetition rate. The scanning slit system with two perpendicular slits also only pro-
vides intensity distribution data on two perpendicular axes, and not in full 2D array
as a camera would. The benefit of the system was that Thorlabs’ automatic mo-
torized stage control and data acquisition could be used. However, for some rea-
son Thorlabs’ system only had the option to perform 1/¢?* M2 analysis, so manual
analysis was required to obtain the desired D4c results. Besides the measurements,
we simulated the measurement set-up in BeamXPert optics simulation software that
could be used to design the system in a way that the beam is correctly focused in the
beam profiler with an acceptable beam size and waist but also to check if the selected
lenses or their imperfect placement could deteriorate the beam quality.

The beam quality measurement setup consisted of the following parts, and is de-

picted in Fig. 3.5 along with an example M2 measurement:

e Laser and mount. Dr. Heller Elektronik HLD 500-50 pulsed current driver,
Analog Technologies ATLS1A103 DC laser driver, thermoelectic cooler and

water cooling circulation for temperature control.

e Fast axis collimation. C-coated aspheric lens with 3.10mm effective focal
length (EFL), AMS Technologies (note: circular lens so also slow axis was af-
fected). Short EFL to limit beam expansion in fast axis direction and in order
to have a high numerical aperture (NA!) to limit the effect of the optics on the

measurement.

e Slow axis collimation. C-coated acylindrical lens with 15 mm EFL from As-
phericon GmbH. Long EFL so that there was enough space for the lens and
the beam had comparable size both in slow and fast axis directions after col-
limation. The first three parts of the setup are shown on the right side in
Fig. 3.3.

'NA = nsin 0, where 7 is the refractive index of the medium and & is the maximum acceptance
half-angle of the lens.
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e Beam expander (if needed). In some cases, the beam diameter was too small
for the Thorlabs M2 measurement system, so Thorlabs GBE05-C 5X beam
expander was placed in path of the collimated beam. On the other hand, in

some other cases using the expander caused the beam to clip.

e Focusing lens. C-coated achromatic doublet lens with 150 mm EFL, Thorlabs,
was used instead of the supplied 200 mm EFL lens. Achromatic lenses were
used even though chromatic aberration is not an issue, since the manufacturer
specifications for the off-axial performance of the specific lens type was better
than for comparable aspherical lenses. Reduction of the EFL makes the focus

tighter so it was possible to use smaller input beam diameters.

e Variable length optical path unit. Thorlabs M2MS measurement system. Able
to sweep the optical path between the input and output apertures from 50 mm

to 250 mm.

e Detector. Thorlabs BP209-IR /M scanning slit detector with wavelength range
from 900 nm to 1700 nm.

The M2 measurement followed these steps:

1. Collimate the beam. This was done by first adjusting the aspheric lens so that
the fast axis direction was collimated, and then adjusting the second lens so
that also slow axis direction was collimated, using an IR card. The secondary

lens was cylindrical, so it did not affect the fast axis collimation.

2. Roughly align the M2MS system. The collimated beam aimed at the input
aperture, and the system was set for continuous sweep. The M2MS system was
adjusted until the detector showed that the spot remained roughly stationary
throughout the sweep cycle.

3. Insert focusing lens and tune alignment. Inserting the focusing lens in front of
the input aperture often had a large impact on the alignment, so it had to be
redone. However, the focusing lens was mounted on an X-Y-stage in a plane

perpendicular to the optical axis, so this made adjustment easier.

4. Adjust the optical path limits so that the beam waist is roughly in the center

of the sweep.

Although these steps sound simple and straightforward, measuring the M2 was of-

ten a struggle. Sometimes two successive measurements without seemingly any dif-
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Fig. 3.5 Left: M2 measurement setup schematic: 1) laser; 2) fast axis collimator lens; 3) slow axis
collimator lens; 4) beam expander (if needed); 5) focusing lens; 6) variable length optical path
system; 7) detector. Right: Beam width measurement of 1500 nm tapered DBR laser in CW
mode with 3 A taper injection current and 200 mA RWG injection current. M2 values calculated
from this are M)Z( = 3.6 and Mf, = 2.3. Astigmatism, as seen in the figure, was a common
problem while performing these measurements.

ference in the alignment or collimation yielded different results, and compared with
e.g. ILV measurement it was much more difficult to feel satisfied that a particular
measurement was done in a comprehensive and satisfactory way. Usually the same
measurement was done iteratively until no better result could be obtained, and this
was the result that was assumed to be correct. This approach assumes that the mis-
alignment of optical components may result in a reduction of the beam quality but
not an improvement. This hypothesis we also studied empirically with BeamXPert-
software, and it appears valid. In this respect the reported M2 values should be con-

sidered worst case estimates.

3.3 Other developed methods

3.3.1 Photolithography and nanoimprint lithography mask design

Lithography is a common tool used in semiconductor processing. It denotes a num-
ber of techniques for manipulating the surface topography of a semiconductor wafer

in order to create desired surface structures, such as waveguides or grating lines for
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optical functionality and contact pads and insulators for electrical interfacing. All
lithography used in the fabrication of the devices reported in this thesis involves
optically active polymer spread on top of the wafer. The polymer is then either se-
lectively irradiated with ultraviolet (UV) light (photolithography) or mechanically
distributed and hardened with UV light (nanoimprint lithography, NIL) to create
a mask that is then used in an etching process. The lithography method of choice
for each case depends on the size of the target features: the wavelength of the UV
light presents a resolution limit on the feature size for photolithography, and smaller
features, such as grating lines, have to be fabricated using NIL.

Both photolithography and NIL utilize lithography masks in the laser fabrica-
tion process. Photolithography masks are glass plates coated with a thin metal layer
corresponding to the shape of the target etching pattern: the metal blocks the UV
light from interacting with the photosensitive polymer in the chosen positions. NIL
masks, or templates, are silicon wafers with a desired surface geometry fabricated us-
ing electron beam lithography. These masks are used to create a polymer-on-glass
stamp, that is then used to perform the actual contact lithography in the semicon-
ductor process. In fabrication processes involving DBR gratings both lithography
methods are used in combination.

The lithography masks can contain a very large number of features. Especially
NIL masks, depending on the layout, the grating period, and component size, may
contain hundreds of thousands or even millions of individual grating lines. Also
photolithography masks have great complexity, since each separate photolithogra-
phy step is associated with a separate mask layer, and during semiconductor process-
ing all consecutive layers have to be aligned closely. For these reasons, special care
has to be taken while designing and implementing the masks. For the masks used
in this thesis, Autocad software by Autodesk Inc. was used in the drawing or the
masks, LinkCAD by Bay Technology for logical layer operations, and KLayout by
Matthias Kofferlein for mask inspection.

The author of this thesis participated in the mask design and was primarily re-
sponsible for mask file design and mask procurement. The mask design decisions,
such as taper opening angle and length, RWG width and length, current limiting
opening width, and cavity spoiling elements, were made initially based on simula-
tions, previous experience and/or research published by others, and refined itera-

tively if necessary. The design also factors in considerations related to different as-
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pects of manufacturing including, for example, optical parameters, wafer fabrication
technology constraints, and mask manufacturing limits and tolerances. Usually each
fabrication batch contained DBR components with slightly differing grating periods
due to uncertainty in effective refractive index or peak gain wavelength. Since the
masks, especially NIL masks, were rather expensive and often had long lead times,
the mask drawings had to be implemented without errors. For this, a workflow of
first designing all the mask layers of the individual component variants and then
tiling these variants to fill the target mask area was developed. Due to a minimum
length of about 500 pm required between neighbouring cleaved semiconductor facet
planes and inaccuracy in the cleaving position, special overlapped tiling between adja-
cent component rows on the wafer was used to maximize the number of components
that could be fabricated from the limited wafer supply. Improvements were made in
the mask alignment markers to facilitate processing, and also Vernier scale [110] and
Moiré patterns [ 111] were tested to improve alignment accuracy (with credit to Mr.
Joel Salmi for first bringing the concept up). Various mask drawing innovations are
depicted in Fig. 3.6. Symbolic array tiling was also required due to the large num-
ber of individual grating elements and limited computer memory. After drawing,
the masks were checked for errors by both the author and others involved in the
mask design process. The photolithography masks were purchased from Compu-
graphics International Ltd. The NIL masks were fabricated by the University of
Eastern Finland, partly in collaboration under the program PREIN - The Flagship
on Photonics Research and Innovation. The quality inspection of incoming masks

was done by the same people who performed the semiconductor processing.

3.3.2 Antireflection coatings

AR coatings are an important part of many optical devices, including semiconductor
lasers. The as-cleaved semiconductor facet reflects about 30 % of the light. When
using DBR gratings, the facet on the side of the DBR grating has to reflect very little
or the near-uniform reflectance of the facet ruins the wavelength-sensitive reflectance
of the grating. Also the reflectance of the non-DBR side facet should be reduced so
that more light can be extracted from the cavity and that most of the exiting light will
be emitted from the front instead of the DBR side. However too small front facet

reflectivity provides insufficient feedback to the cavity which raises the threshold
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Fig. 3.6 The mask pictures are not to scale relative to each other. Top left: Row and column numbers

next to alignment markers on each mask layer. Masks often have (partial) translational symmetry
on some layers, and sometimes alignment markers from a wrong row or column might be used
accidentally in device processing, resulting in the failure of the outermost components on the
mask or even the whole wafer. Indexing the alignment markers prevents this kind of mistake.
Top right: Vernier scale and Moiré rings on mask layers to increase alignment accuracy. The
success of these approaches was not tested conclusively. Bottom: Border between two adjacent
component bars on the mask. NIL layer shown in red, metallization layer shown in yellow.
The bars can be separated by cleaving anywhere between the top and bottom metals, and the
overlap between the DBR grating (top bar) and RWG (bottom bar) ensures that both bars remain
functional. This way a wasted spacer region of about 500 im can be avoided between adjacent
bars.

current too high.

At the start of the work included in this thesis, there were two available AR coat-

ing methods available for our group: crude plasma enhanced chemical vapour de-

position (PECVD) system and more elegant electron beam evaporation based di-

electric coating system. PECVD was primarily used in semiconductor processing

e.g. to create etching masks, and was quite poor for accurate optical coatings due to

high anisotrophy and feature size dependent growth rates, but it could be used to

create inexact coatings when the tolerance for the reflectivity was large. The dielec-
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Fig. 3.7 Spring-loaded, bearing mounted laser bar holder for the IBS system. Bars are mounted vertically
between the clamps shown in the middle. The clamps are interchangeable to accommodate bars
of different lengths. The bars are loaded using a robust loading block for convenience, and up
to four of these holders can be inserted simultaneously in the IBS system for coating. The size
of the frame is 75 mm by 75 mm by 10 mm.

tric coater, on the other hand, could be used even in complex vertical cavity surface
emitting laser (VCSEL) top DBR mirrors with high accuracy, but its operation was
difficult, calibration coatings were needed before every coating run, and it required
constant operator attention and skill during the long coating runs. For these reasons
new coating methods had to be found.

First, atomic layer deposition [112] was tested in collaboration with Prof. Mika
Valden’s surface science group [PubI]. While slow, it had the promise of highly
isotropic growth rate and the coating process could be automated. However, the
refractive index of the grown layers changed over time and thus calibration coatings
were required, and it was only possible to coat packaged components due to the
physical constraints of the system and the lack of the ability to only focus the film
growth on the facets.

By the time the components used in [PublI] were being fabricated, we had access
to NAVIGATOR 700 ion beam sputtering (IBS) system by Cutting Edge Coatings
GmbH. This system had the advantage that the film growth could be monitored
optically in real time, largely eliminating the need for constant calibration coatings.
It was also much faster compared to the ALD system, and due to the anisotrophy
of the growth and size of the process chamber, bar stacks could be coated with ease.
This has been the primary coating method since.

While the author of this thesis did not operate the coating instruments, he de-
signed most of the used coatings (Essential Macleod software by Thin Film Center
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Inc.), measured the calibration coatings used in the ALD processes (Lambda 1050
spectrophotometer by PerkinElmer Inc.), and designed and procured most of the
CNC-machined mounted device and bar stack holder assemblies used in the ALD
and IBS coating systems. A schematic of the finished design for the IBS bar holder
is shown in Fig. 3.7. The used 3D design software was SolidWorks by Dassault Sys-
temes.
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4 RESULTS

4.1 Wavelength locked 1180 nm laser diodes

The motivation and application drive behind 1180 nm laser diode research was the
use of SHG to gain access to the yellow-orange light around 590 nm which is chal-
lenging to obtain through direct emission due to limitations in available semicon-
ductor materials. Since efficient SHG requires high power, good beam quality, and
narrow emission linewidth for the pump beam, DBR-LD and tapered DBR-LD were
the chosen approaches. BA-DBR was not chosen due to its fundamentally poor lat-
eral beam quality.

Often gain below 1.2 um is achieved using the GalnAs/GaAs material system.
However, as the wavelength becomes longer, the In content of the active region has
to be increased which increases the strain and lowers the efficiency and life time of the
laser. Our key advantage for this wavelength range was the use of the dilute nitride
GalnNAs material system where a small amount of nitrogen reduces the strain and
increases the carrier confinement. Lifetime studies of the 1180 nm DBR lasers that
this thesis focuses on are not presented in this thesis but this topic has been reported
by our group [113]. Here preliminary tests showed that structures allowed 2000 h

operation at high power without degradation.

41.1 1180nm DBR-LD resulis

DBR-LD laser diodes emitting at 1180 nm and based on GaInNAs material system
were first presented in [PubIV] and further improved in [Publ]. The original mo-
tivation for using the dilute nitride material system in [PubIV] was to prove it as a
viable alternative to the more common InGaAs material system that has disadvan-

tages near 1.2 um wavelength due to high strain. The material used in [Publ] was
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almost identical to the one in [PubIV] with only minor fine tuning of the emission
wavelength to more closely match the desired grating resonance wavelength.

[PubIV] focused on the procedures and parameters of the epitaxial growth of
the GaInNAs material, characterization of the basic material properties through the
use of oxide-stripe laser diodes, performance of the material at elevated operating
temperatures, and the spectral and current-power-voltage (ILV) characterization of
the fabricated DBR-LDs. The key material characteristics for laser applications were
a threshold current density of 220 A cm™ (83 um x 1600 um uncoated oxide-stripe
laser) and characteristic temperatures Ty = 110K and T, = 160K.! The key DBR-
LD characteristics were 340 mW CW output power at 20 °C operating temperature,
only 30 % drop in output power when the temperature was increased to 80 °C, 50 pm
spectrum FWHM (limited by the spectrum analyzer), and a temperature-induced
center wavelength shift of 0.1 nm °C~.

While [Publ] was mainly focused on tapered devices, it also reported improve-
ments to untapered DBR-LD performance. The main difference between the DBR-
LDs in [PubI] and [PubIV] were that in the components reported in [PubI] the
QW gain was shifted closer to the grating resonance by increasing the In content.
The closer the gain maximum and the grating resonance wavelength are, the higher
gain is available at the emission wavelength and performance is increased. [PublI]
showed 655 mW maximum CW output power for the DBR-LD, significantly higher
than the 340 mW in [PubIV]. Also the output power at equivalent injection cur-
rent 1200 mA is higher at 435 mW. The trade-off, however, is that having the gain
at a shorter wavelength than the grating resonance frequency provides tolerance to
temperature increase although it might not provide highest efficiency at room tem-
perature. This is because the gain shifts in wavelength with roughly five times higher
rate than the grating resonance, minimizing the detuning between the gain and res-
onance, and the laser is most efficient when this detuning is zero. This effect also
showed in the results: the DBR-LD devices in [PubI] showed 39 % decrease in output
power already at 60 °C, while the devices in [PubIV] showed 30 % decrease at 80 °C.
Measured spectral FWHM and temperature induced center wavelength shift were
alike in both publications. A later publication, not included in this thesis, showed
that the linewidth of these lasers was in 100 kHz to 250 kHz range [ 113].

T, describes the relationship between the threshold current 7,, and the operating temperature as
I,(T)=1ILexp(T/T,) and T, is analogous for slope efficiency SE = APopt/A].
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4.1.2 1180 nm tapered DBR-LD results

Tapered 1180 nm DBR-LDs were studied in [Publ]. For the measurements, they
were operated in CW mode by injecting a constant current 350 mA in the RWG
section and the injection current of the tapered section was swept up to 10A. As
expected, the output power (4.04 W) exceeded the output power of the untapered
component (655 mW). At the maximum power, the spectral FWHM of the tapered
DBR-LD was 270 pm.

The beam quality factor of the 1180 nm tapered DBR lasers has not been reported
in the publications included in this thesis, but they have been included in the M.Sc.
thesis of Samu-Pekka Ojanen [114]. In the tapered section injection current range
from 2 A to 12 A the slow axis M2 values were in the range from 6 to 30. These
beam qualities are insufficient e.g. for effective coupling into fiber or SHG crystal.
The primary cause for the high values lies in the epilayer structure of the material
that was not originally optimized for tapered laser diodes. The used material had a
relatively high QW confinement factor I = 1.00% which results in self-focusing and
filamentation of the beam in the tapered section [101]. Later, unpublished measure-
ments from tapered DBR components fabricated from a different 1150 nm material,
designed specifically with tapered components in mind, have provided much better
M2 values in the range from 1.5 to 2.0. The comparison between the structure of the
two materials is shown in table 4.1. The QW confinement factor of the newer mate-
rial is 0.5 % and it has an asymmetric waveguide structure, explaining the improved
beam quality. Additionally, introduction of asymmetry in the waveguide structure
steers the optical intensity away from the p-side and brings the active region closer
to the p-side. The former reduces the optical losses caused by the light coupling with
holes (that have heavier effective mass compared to electrons), and the latter reduces
the electrical resistance. [115] Another improvement included in the 1150 nm lasers
are current confining shallow etches around the tapered section, reducing the spread
of current and improving the efficiency. Some other groups have used ion implanta-

tion to limit current in a similar context [116].
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Table 4.1 The 1180 nm epilayer structure used in [Publ, PublV] and a newer 1150 nm design with focus
on good tapered laser performance.

Thickness in nm

layer || 1180 nm epi | 1150 nm epi

p-GaAs contact 200 200
p-AlGaAs cladding 1200 1400
p-GaAs waveguide 500 1010

Galn(N)As QW 1x7 2x6.5
n-GaAs waveguide 500 1970
n-AlGaAs cladding 1300 1850
n-GaAs buffer 200 1000

4.2 Wavelength locked 1500 nm laser diodes

The main motivation behind 1500 nm lasers was their intended use in eye-safe LI-
DAR applications. Unlike in common LIDAR systems operating at submicron
wavelengths, light around 1500 nm wavelength is absorbed before the retina of the
eye and thus has relaxed radiation safety power limits. The increased output power
would enable a greater operating range and performance in challenging weather con-
ditions such as rain or fog. By making the emission wavelength band narrower using
integrated gratings, the signal-to-noise ratio could be improved by using narrow band

filters in the LIDAR receiver side to block most of the ambient solar radiation.

4.2.1 1500 nm BA-LD resulis

As with 1180 nm lasers, the development of 1500 nm lasers started off with unta-
pered components. [PublI] focuses on the development of the BA-DBR-LD and
compares it with corresponding BA-FP-LD at the same wavelength. The broad area
component was selected as the starting point due to its applicability in LIDAR sys-
tems since it offers increased emission power compared to narrow waveguide DBR-
LD. The lasers were fabricated using InGaAsP large optical cavity (LOC) material
that was designed with high saturation power levels and pulsed operation in mind.

Most of the characterization was done using sub-ys pulsing, since also in actual LI-

72



Temperature and spectrum

20 ——————— .
DBR-LD
5°C to 80°C
o T FP-LD |

5°C to 80°C

Normalized log. intensity (a.u.)

1500 1520 1540 1560 1580
Wavelength (nm)

Fig. 4.1 Effect of the DBR grating on the emission wavelength under changing mount temperature using
the same semiconductor material, same ridge width and same cavity length. With the DBR as
one of the end mirrors, the emission wavelength shifts at a rate of 0.1 nm/°C while in the case
of two cleaved facet mirrors the rate of shift is 0.5nm/°C. The grating also offsets the emission
wavelength by up to tens of nanometres from the gain maximum. Both the DBR-LDs and RWG-
LDs were operated with 15kA pulsed current at 1% duty cycle and 1 s pulse length and the
spectra were measured with the same system. Adapted from [Publl].

DAR systems nanosecond scale pulses would be used due to the relationship be-
tween LIDAR depth resolution and the length of the pulse. A peak output power of
6.1 W was reached with the BA-DBR-LD. A corresponding BA-FP-LD reached 6.6 W
output power, showing that the penalty for using a grating end mirror was not too
great, especially when the benefits are considered: the DBR laser had 0.3 nm spectral
FWHM and 0.1 nm/°C peak emission wavelength shift, compared to corresponding
values 6.9 nm and 0.5 nm/°C for the FP laser. Fig. 4.1 shows the stabilizing effect the
grating provides to the center emission wavelength when the mount temperature is

changed.
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4.2.2 1500 nm tapered DBR-LD results

Tapered 1500 nm DBR-LDs were studied in [PublIl]. They were fabricated using a
high modal gain InAlGaAs/InP material that was originally designed primarily for
tapered component CW mode operation. In CW mode the lasers reached an output
power of 770 mW and in pulsed mode a peak output power of 4.6 W with a FWHM
spectral linewidth of 250 pm was achieved. The temperature change induced peak
wavelength shift was the same as in 1180 nm DBR lasers, 0.1 nm/°C.

The material used for these lasers suffers from the same issue as the 1180 nm ma-
terial that it was not originally designed for use in high power tapered devices, and
its confinement factor is quite high. This results in high M2 values both in CW (mea-
sured M% up to 10) and pulsed mode (measured M3 up to 45). The structure of the

material is outlined in table 4.2.

Table 4.2 The 1500 nm epilayer structure used in [Publll].

layer || thickness / nm |

p-InGaAs contact 150

p-InP cladding 1570
n-InAlAs barrier 50
p-InAlGaAs waveguide 85

Active region 4x InAlGaAs QW a7nm
3x InAlGaAs barrier 3 10nm

n-InAlGaAs waveguide 85
n-InAlAs barrier 100

n-InP buffer/cladding 500

Improved results in both power and beam quality have been obtained using re-
cently developed [117] epi material with asymmetric structure to reduce the optical

losses and the gain region confinement factor (I,;,,, = 4.1% compared to previous

sym
Lpypm = 4.6 %). This material has an increased Wavyeguide thickness 1.8 um compared
to 0.17 pm of the material in [PubllI], and a bulk active region instead of MQW. We
also proved that this structure allows state-of-the-art broad area lasers reaching up
to 18 W of peak power [118]. When applied in a tapered RWG laser, an improved

beam quality of about 7 at 15 A injection current was obtained [119] (see Fig. 4.2,
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Fig. 4.2 Left: Peak pulsed output power from 1.5 m tapered RWG lasers with optimized epitaxial struc-
ture. Right: Comparison between pulsed beam quality of tapered RWG lasers with standard
QW design (as used in [Publll]) and optimized structure.

right side). Moreover, we later demonstrated up to 7.5 W power with 50 A pulsed
current from these tapered RWG sources (see Fig. 4.2, left side). We also studied
these lasers at higher temperatures under high current conditions. Results indicated
that, due to typical carrier leakage, the output power was reduced but the beam qual-
ity improved. This supports the idea that beam quality degradation at high power is
mostly linked to high optical power rather than to high current.
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5 CONCLUSIONS

They key motivators behind the research presented in this thesis were the need for
compact, high-power, high-brightness, wavelength locked laser diodes for eye-safe
automotive LIDAR (light detection and ranging) and frequency doubled yellow-
orange light. For LIDAR, 1.5 pm wavelength range was selected due to its relaxed
radiation safety power limits compared to more commonly used 900 nm wavelength
band and because this wavelength band allows easy amplification with erbium-doped
fiber amplifier (EDFA). For frequency doubling applications, the biggest field of in-
terest was medical use which would benefit from 590 nm laser sources, setting our
seed laser target at 1180 nm before frequency doubling.

Various LIDAR implementations have different requirements on the laser source,
especially the beam quality. For this reason, tapered distributed Bragg reflector (ta-
pered DBR) lasers and broad-area distributed Bragg reflector (BA-DBR) lasers were
studied at 1.5 pm wavelength. Tapered DBR lasers provide good beam quality for
point scanning approaches, while BA-DBR lasers have higher output power and
more simple operation for line scanning or flash illumination. Frequency doubling
requires good beam quality, so tapered DBR lasers were studied at 1180 nm.

The focus of this thesis was in device characterization. This presented some
unique challenges compared to "simple" diode lasers, that are commonly character-
ized. The components are quite large in size and may have multiple electrical con-
tacts, requiring novel engineering solutions to facilitate characterization processes.
Also the maximum injection currents were relatively large, and combined with the
need for short pulses, presented technical challenges to overcome. The 1.5 pm wave-
length range was difficult to characterize, especially regarding the beam quality, since
silicon based CCD cameras were not an option and the tested InGaAs based arrays
did not perform properly. Besides this, commercially available scanning slit beam
profilers imposed restrictions on the pulse parameters that could be characterized.

Once challenges were overcome, state-of-the-art results were obtained from DBR,
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tapered DBR and BA-DBR lasers. 1180 nm DBR laser without power scaling pro-
duced up to 0.65 W of continuous-wave (CW) power while tapered DBRs produced
a CW output power of 4.04 W with a spectral full width at half-maximum (FWHM)
of 270 pm. 1.5 pm tapered DBRs and BA-DBRs produced pulsed output powers of
4.6 W and 6.1 W and spectral FWHMSs of 250 pm and 0.3 nm, respectively. Wave-
length locking functioned as expected, reducing temperature induced wavelength
shift to 0.1 nm/°C, while e.g. in unlocked 1.5 um broad-area Fabry-Perot (BA-FP)
lasers it was 0.5 nm/°C.

It was challenging to demonstrate high beam quality from tapered lasers. The
first demonstrated M3 beam quality of the 1.5 um tapered DBR lasers was up to 10
in CW mode and up to 45 in pulsed mode, and also 1180 nm tapered DBR lasers were
found to be sub-optimal at up to 30. A major limitation in these lasers was linked
to the epi-design that was later improved resulting in much better results. Enhanced
epi-designs allowed nearly perfect CW M3 values at 1150 nm and ns-pulses at 1.5 um
with a beam quality factor around 7. The improved 1.5 pm epi-design was also able
to mitigate the optical losses of the cavity, allowing current source limited output
powers up to 7.5W from tapered ridge waveguide (RWG) lasers. Achieved beam
quality factor of 7 allows much higher spatial resolution scanning than comparable
broad area lasers but it is still impossible to couple this beam into a single mode
EDFA fiber with high efficiency. The future plan is to further improve the beam
quality by testing shorter cavity designs, and to test different types of cavity layouts
that could further suppress the formation of higher order modes in the tapered cavity
while operating in the ns-domain.

In general, research in the field of high-power and high-brightness laser diodes,
especially at these wavelengths, is bound to expand due to the development of the
applications. The automotive industry is undergoing rapid changes, and while the
largest hype may be in the field of electric vehicles, there is also great interest in
autonomous driving and LIDAR. On the other hand, the aging population in first
world countries and the development of genetic medicine present the need for com-
pact and cost-effective yellow-orange laser sources e.g. in the fields of dermatology

and DNA sequencing.
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High-Power 1180-nm GalnNAs DBR Laser Diodes

Antti T. Aho, Jukka Viheridld, Ville-Markus Korpijarvi, Mervi Koskinen, Heikki Virtanen ",

Mathias Christensen ', Topi Uusitalo, Kimmo Lahtonen, Mika Valden, and Mircea Guina

Abstract— We report high-power 1180-nm GaInNAs distrib-
uted Bragg reflector laser diodes with and without a tapered
amplifying section. The untapered and tapered components
reached room temperature output powers of 655 mW and 4.04 W,
respectively. The diodes exhibited narrow linewidth emission
with side-mode suppression ratios in the range of 50 dB for
a broad range of operating current, extending up to 2 A for
the untapered component and 10 A for the tapered component.
The high output power is rendered possible by the use of a high
quality GaInNAs-based quantum well gain region, which allows
for lower strain and better carrier confinement compared with
traditional GalnAs quantum wells. The development opens new
opportunities for the power scaling of frequency-doubled lasers
with emission at yellow—orange wavelengths.

Index Terms—High power, distributed Bragg reflector lasers,
frequency doubling, antireflection coatings.

I. INTRODUCTION

ASERS emitting in the yellow—orange spectral range

have many applications for example in dermatology [1],
DNA sequencing [2], and spectroscopy [3]. However, this
wavelength range cannot be reached directly with semiconduc-
tor lasers, which are the most practical and compact laser solu-
tions whenever available. One viable approach for reaching the
visible spectral range is frequency doubling from infrared (IR)
laser radiation, which in turn, requires sources with high output
power and narrow linewidth emission [4]. The frequency
doubling scheme and the development of corresponding diodes
with infrared emission has been vigorously addressed for
blue—green spectral ranges where mature GalnAs quantum
well (QW) gain materials can be used [4]. Several watts of
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green frequency-doubled radiation have been obtained using
1064 nm laser diodes [5]. However, the results for yellow
frequency-doubled diodes have been more modest. This is
largely due to the fact that it becomes increasingly difficult to
reach high power close to 1.2 #m when using the standard
materials. For example, using GalnAs QWs the maximum
single-mode power obtained from untapered LDs at 1180 nm
is about 230 mW [6] and about 3.2 W for tapered LDs [7].
Using quantum dots with an untapered design, a power
of 80 mW has been reported [8]. As an alternative solution to
achieve narrow linewidth emission in this wavelength range
we have developed GaInNAs QWs and recently demonstrated
an untapered distributed Bragg reflector laser diode (DBR-LD)
emitting about 500 mW at 1180 nm and exhibiting a linewidth
below 250 kHz over the entire operation range [9]. The addi-
tion of a small amount of nitrogen makes it possible to
extend the wavelength range of the regular GalnAs QW and
at the same time reduce the strain linked to In incorporation.
Moreover, it also improves the carrier confinement resulting
in improved temperature stability; in fact, we demonstrated a
variation of the output power of only 30% for a temperature
range extending from 20 °C to 80 °C [10].

In this letter we report further power scaling of the unta-
pered 1180 nm DBR-LD with an output power as high as
655 mW at room temperature. Furthermore, by implementing
a tapered design we demonstrate a room temperature output
power of 4.04 W.

II. LASER STRUCTURE AND FABRICATION

The semiconductor structure was grown by plasma-
assisted molecular beam epitaxy (MBE). The substrate was
n-GaAs(100) and the active region comprised a single
Gag 671n0.33N0p.005As QW. The QW was surrounded by a GaAs
waveguide and Alp25Gag 75As claddings. The semiconductor
layers and the band gap structure are depicted in Fig. 1.

Compared to the previously reported structure [10],
the In content of the QW was increased to shift the material
gain to a longer wavelength, closer to the mode supported by
the DBR grating. The photoluminescence wavelength of the
wafer at room temperature was 1151 nm.

For the untapered design, the processed waveguide com-
prised a passive (unbiased), third-order DBR grating section
with a length of 1.8 mm and an active ridge waveguide (RWG)
section with a length of 2.9 mm. The DBR section selects a
single longitudinal mode and the RWG section defines a single
transversal mode. The width of both the DBR and the RWG
was 3.2 um.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Fig. 1. Semiconductor layer structure revealing the band gap profile.
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Fig. 2. Scanning electron microscope picture of the grating side profile.
Focused ion beam (FIB) has been used to cut into the grating in order to
better see the cross-section in the middle.

The grating and the ridge were fabricated without regrowth,
using low-cost and high-throughput soft-stamp ultraviolet
nanoimprint lithography [11]. The basic fabrication steps of
the gratings have been presented in [10]. In this work, the side
profile of the grating was tuned by adjusting the etching
recipe in order to reach a grating filling factor of approx-
imately 0.85 leading to a higher reflection coefficient and
lower radiative losses [12]. The etching was performed using
Clo/N>-based inductively coupled plasma reactive ion etching
(ICP-RIE). The etching depths of the grating and the RWG
were 1200 nm and 1350 nm, respectively. The achieved grating
side profile can be seen in Fig. 2.

The design of the tapered DBR-LD comprises a 2 mm long
passive DBR section, a 1 mm long active RWG section and
a 4 mm long gain-guided tapered amplifying section with a
tapering angle of 5°. The DBR and RWG widths were 3.2 ym,
and the DBR and RWG etching depths were 1500 nm and
1350 nm, respectively.

The components were packaged by first soldering the chips
p-side down on ceramic AIN submounts with AuSn solder and
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Fig. 3. The output power and voltage of the untapered LD from

0 mA to 2000 mA at 20 °C.

then bonding the submounts on gold plated copper heatsinks
with indium solder. The chips were antireflection (AR) coated
to suppress unwanted Fabry-Perot operation and to improve
the outcoupling from the front facet. Traditionally thin-film
AR coatings have been prepared by methods such as elec-
tron beam and thermal evaporation, ion assisted deposition,
ion beam sputtering, or magnetron sputtering. In the work
presented here, atomic layer deposition (ALD) was used as an
alternative method to fabricate the AR coatings on laser facets.
A two-layer Al,O3 (128.7 nm)/TiO2 (77.6 nm) AR design
was fabricated on the untapered component and a single-layer
Al,O3 (146.8 nm) design on the tapered component using
Picosun Sunale ALD R200 Advanced reactor. The two-layer
and single-layer coatings were grown at substrate temperatures
of 100 °C and 200 °C, respectively. Trimethylaluminium,
tetrakis-(dimethylamino)titanium, and deionized water were
used as precursors. At 100 °C, refractive indices of 1.595 and
2.401 were determined for Al,O3 and TiO; layers, respec-
tively. The refractive index of Al,O3 grown at 200 °C was
determined to be 1.665. The performance of the AR coat-
ings was assessed using reference substrates and reflectance
spectroscopy with Perkin Elmer Lambda 1050 UV/Vis/NIR
Spectrophotometer. The ALD growth processes yielded an
Al,O3/TiO, two-layer thin film and an AlO3 single-layer
thin film with reflectances below 1% and approximately 3%
at 1180 nm, respectively.

III. RESULTS

The CW ILV (current, power, voltage) characteristics of an
untapered and tapered DBR-LD at 20 °C mount temperature
are shown in Fig. 3 and Fig. 4, respectively. The untapered
component was measured up to a current of 2 A and the
tapered component up to a taper current (Ita) of 10 A
with a constant 350 mA RWG injection current (/[Rwg)-
The kinks in the untapered component output power are
related to the lasing longitudinal mode changing to match the
maximum DBR reflectivity, when the temperature of the active
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Fig. 5. Spectra from the untapered component at 20 °C mount temperature
with various injection currents. The spectral resolution is 0.05 nm.

region increases [13]. At 20 °C the untapered and tapered
components reached output powers of about 655 mW and
4.04 W, respectively (limited by the current range used for the
measurements). We note that the power curve for the tapered
LD does not show significant signs of roll-off at the maximum
current available for the measurement.

The emission wavelength of the components could be tuned
by changing the mount temperature or the injection current.
The tuning rates for the untapered and tapered components
were about 90 pm/°C for temperature and about 0.30 pm/mA
and 0.14 pm/mA for current, respectively. The emission spec-
tra with various injection currents are shown in Fig. 5 and
Fig. 6. The mode hops between adjacent DBR modes and the
shift in the emission wavelength with increasing current can
be seen in Fig. 7 and Fig. 8. The temperature stability of the
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Fig. 7. Spectra of the untapered component from 100 mA to 2000 mA.

components was good: the untapered and tapered components
reached output powers of over 400 mW and over 1500 mW
at 60 °C, respectively.

The spectrum full width at half maximum (FWHM) at 20 °C
mount temperature was 50 pm for the untapered component
with 2000 mA injection current and 270 pm for the tapered
component with Ita = 10 A, Irwg = 350 mA. The spec-
tral width of the untapered component was limited by the
resolution of the used Anritsu MS9710C optical spectrum
analyzer [14], but self-homodyne linewidth measurements
from previous generation components with similar structure
have yielded fitted Lorentzian FWHM below 250 kHz [9].
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We expect that the FWHM of the tapered component can be
significantly reduced by using an AR coating with a smaller
reflectance. A preliminary test showed that, at a power level
of 1.7 W, applying a two-layer Al,O3/TiO, AR coating to
a tapered DBR (similar to the coating we applied to the
untapered DBR) resulted in a spectral peak FWHM of 70 pm,
which is close to the resolution limit of the spectrum analyzer,
while the single-layer Al;03 AR coating resulted in a FWHM
of 220 pm.

The far-field (FF) fast axis and slow axis FWHM of the
untapered component at 2000 mA injection current were ~40°
and ~7°, respectively. For the tapered component at 10 A
injection current, the FF fast axis and slow axis FWHM were
~40° and ~6°, respectively.

IV. CONCLUSIONS

We reported the highest power to date for narrow-linewidth
untapered DBR laser diodes emitting around 1180 nm and
demonstrated for the first time GalnNAs tapered DBR laser

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 29, NO. 23, DECEMBER 1, 2017

diodes in this wavelength range. At room temperature the
output power of the untapered and tapered DBR-LDs reached
655 mW and 4.04 W, respectively. The high output power
is linked to the use of a GalnNAs-based QW structure
which enables smaller strain and improved carrier confinement
compared to traditional GalnAs material. The high output
power and narrow linewidth make these kinds of components
interesting for the development of frequency-doubled lasers
with emission at yellow—orange wavelengths.
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High-Power 1.5-ym Broad Area Laser Diodes
Wavelength Stabilized by Surface Gratings

Antti T. Aho™, Jukka Viheridld ™, Heikki Virtanen, Topi Uusitalo ', and Mircea Guina

Abstract— Wavelength stabilization against temperature varia-
tion of high-power broad area 1.5-um InGaAsP/InP laser diodes
is demonstrated by employing surface gratings. The development
targets application in eye-safe automotive LIDAR systems, which
would benefit from deploying narrowband receiver filters to block
ambient solar radiation for improved signal-to-noise ratio. The
surface grating is monolithically integrated on the laser chip
using nanoimprint lithography. The peak power of the lasers
exceeded 6 W in pulsed mode, for an FWHM spectral width
of 0.3 nm and a peak wavelength drift of only 0.1 nm/°C.
The wavelength shift with temperature is reduced by five times
compared to broad area high-power Fabry—Perot laser diodes
typically employed in LIDAR systems.

Index Terms—Diode lasers, distributed Bragg reflector, high
power, LIDAR.

I. INTRODUCTION

IDAR applications are experiencing a fast rate of devel-
opment owing to many high-value emerging needs,
such as obstacle detection and avoidance for autonomous
vehicles, robotics, and augmented reality. To this end,
the 800 nm—900 nm wavelength range is commonly used
since both high-power laser sources and low noise cheap and
fast detectors are readily available [1]. However, a serious
limitation in this wavelength range is the requirement for
eye-safety, which limits the maximum permissible output
power and thus the range of the LIDAR imaging. A higher
output power can be used at longer wavelengths: for example,
the maximum permissible exposure (MPE) of the human
cornea for a 1 us laser pulse is 1 Jem~™2 at 1500 nm but
only 32 x 1077 Jem™2 at 800 nm [2]. Additional benefits
obtained by using longer wavelengths are reduced scattering
by small particles, which enhances the operation capability
in adverse weather conditions [3], and a low level of optical
losses caused by the atmosphere, both limiting the visibility
range of the LIDAR systems working at shorter wavelengths.
The wavelengths around 1.5 xm are commonly used in
military LIDAR and range-finding applications [4], but since
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they are often based on a fiber laser [5], many current solutions
are too bulky and unwieldy for compact applications. Since
the output power of 1.5 um diode lasers is lacking compared
to 1.5 um fiber lasers and 900 nm diode lasers, a precisely
controlled narrow spectrum is advantageous in sensing appli-
cations because it enables the use of narrow passband optical
filters in front of the sensor, reducing the solar background
noise and improving the signal-to-noise ratio.

To address these application challenges, we demonstrate a
1.5 pum broad area laser diode with a monolithically inte-
grated Bragg grating to act as a compact, cost-effective high-
power laser source at an eye-safe wavelength and exhibiting
a well-controlled and narrow spectrum. Recently, broad area
distributed Bragg reflector laser diodes (DBR-LDs) have been
demonstrated at 905 nm with 50 W output power in 10 ns
pulsed operation [6]. Moreover, a broad area distributed feed-
back (DFB) laser has been demonstrated, exhibiting 5.5 W
output power around 970 nm [7]. At 1.55 um, a high-
power DBR-LD has been demonstrated using a tapered power
amplification section resulting in 0.6 W CW power [8], while
we demonstrated pulsed operation from a similar kind of
component with 1.6 W peak power [9].

We incidentally show that the wavelength locking with a
DBR geometry eliminates the wavelength variation caused
by the change in the gain spectrum over the semiconductor
substrate, which typically causes a variation of emission
spectrum in broad area Fabry-Perot (FP) high-power lasers,
reducing the yield of components emitting at a specific peak
wavelength. The gratings also provide wavelength stability
against temperature variation, resulting in a wavelength drift
reduced by about five times compared to the FP-LD, again
enabling the use of narrow band-pass receiver filters. We elab-
orate the fabrication of the DBR-LD based on regrowth-free
surface gratings patterned with soft-UV Nanoimprint Lithog-
raphy (NIL) — a combination enabling cost-effective grating
fabrication. Additionally, monolithically integrated gratings
avoid the need to precisely assemble and adjust the external
grating elements one-by-one as is the case with, for example,
volume Bragg grating technology. Finally, the results show
that the benefits of the DBR-LDs can be obtained without a
significant performance penalty in power compared to FP-LDs.

II. FABRICATION DETAILS

The semiconductor structure comprised three InGaAsP
quantum wells (QWs) surrounded by 1.6 um InGaAsP opti-
cal confinement layers and InP claddings, and was grown

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Fig. 1.  Measured PL spectrum variation over the 2 wafer used in the
fabrication process.

DBR-LD

FP-LD

Fig. 2. Left side: drawing of the DBR-LD showing section lengths, RWG
width and facet reflectivities after coating. Right side: drawing of the FP-
LD showing the component length, RWG width and facet reflectivities after
coating.

on 2" n-InP(100) with metalorganic vapor phase epit-
axy (MOVPE). The MOVPE system produces up to 12 wafers
with 2" size in a single batch and one of them was selected
for the study. The QW photoluminescence (PL) correlating
to FP-LD emission spectrum had a peak wavelength between
1485 nm and 1498 nm (13 nm variation) depending on the
position on the substrate (see Fig. 1).

The DBR-LDs comprised two sections: a 2 mm long passive
(un-pumped) third-order DBR grating section and a 4 mm
long active (pumped) gain-guided ridge waveguide (RWG)
section. An illustration of the component is shown on the left
side in Fig. 2. A total of five different component variants
were fabricated and tested with RWG and DBR widths of
180 pum and 170 um, respectively, and five equally-spaced
grating periods from 678.4 nm to 686.4 nm.

The DBR gratings were fabricated using soft-stamp nanoim-
print lithography [10] with EVG620 mask aligner and a stamp
area of 25 mm x 25 mm. The stamp was used to imprint a
thin film of mr-UVCur06 photoresist (Micro resist technology
GmbH) deposited on top of a SiN layer grown on the semi-
conductor. The photoresist was used to etch the SiN which in
turn was used as a mask for etching the semiconductor. The
semiconductor was etched using reactive ion etching (RIE)
with CH4/H; chemistry to a depth of 1010 nm from the surface
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Fig. 3.

Scanning electron microscope image of the grating cross-section.

of the semiconductor, 190 nm above the p-side waveguide.
The etching process produced a V-shaped grating (see Fig. 3).
The semiconductor filling factor was 67 % at the bottom of the
grating and 24 % at the top of the grating. The walls of the
grating were at an angle of 99.5°. The grating was simulated
with the method outlined in [11]. This model assumes a rec-
tangular grating with a constant filling factor, but a V-shaped
grating with small sidewall angles can be approximated as a
rectangular grating with a filling factor slightly smaller than
at the bottom of the V-shaped grating [11]. To generate a
suitable approximation, the vertically varying filling factor
of the V-shaped grating was accounted for by calculating
the grating parameters (coupling coefficient x, radiative loss
coefficient araq) as functions of the filling factor and then
taking a weighted average in the vertical direction from the
bottom of the grating to the top of the grating. The optical field
intensity was used as the weighing function. This simulation
yielded © = 4.8 cm™!, apg = 4.6 cm™!, and peak grating
reflectivity Rpax = 0.44.

The current confining RWG sections were fabricated using
photolithography and RIE with CH4/H; chemistry. They were
etched to a depth of 500 nm from the surface of the semi-
conductor, reducing the unintentional current spreading in the
heavily p-doped layers.

The injection current was limited to pass through the top of
the ridge by covering the top of the wafer with SiO, and etch-
ing an opening on top of the ridges using photolithography and
RIE. The p-side of the wafer was metallized using a Ti/Pt/Au
layer stack and patterned using photolithography and a lift-off
process. Finally, the wafer was thinned from n-side to a thick-
ness of ~110 xm by lapping with an AlOy abrasive, metallized
with a Ni/Au/Ge/Au layer stack, and annealed at 430 °C.

The finished wafer was cleaved into DBR-LD bars, compris-
ing both DBR and RWG sections, and FP-LD bars, comprising
only the RWG section (shown on the right side in Fig. 2).
The front facets of both types of bars were coated with a
single layer of Al,O3 with a target reflectance of 1.5 %.
The back facets of the DBR-LD bars were coated with
an AlO3/TiO,/Al,03 stack with a target reflectance below
0.01%, and the back facets of the FP-LD bars were coated
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160 ns, 10 kHz pulses.

with eight Al,O3/TiOy layer pairs with a target reflectance
of 99.3 %. The coatings were performed with Cutting Edge
Coatings NAVIGATOR 700 ion beam sputtering system. After
the coating, the bars were scribed into individual chips with a
width of 400 xm. The length of the DBR-LD components was
6 mm and the length of the FP-LD components was 4 mm.
Finally, the chips were mounted p-side up on metallized AIN
submounts with silver epoxy glue and wire-bonded.

ITII. LASER PERFORMANCE

The components were characterized in pulsed operation
with 160 ns, 10 kHz pulses (Dr. Heller Elektronik HLD
500-50 pulsed laser driver) and 1 us, 10 kHz pulses (DEI
Scientific PCX-7420 pulsed laser driver). The peak power of
the components was measured with 160 ns current pulses with
an amplitude between 0 A to 40 A. An example current—
peak power (IL) curve, recorded with a Thorlabs DETO8CL/M
5 GHz InGaAs photodetector and Agilent DSO9254A 2.5 GHz
oscilloscope, is shown in Fig. 4. The calibration of the fast
photodiode was obtained by correlating the recorded oscil-
loscope waveform to the average power measured with a
calibrated integrating sphere. The DBR-LDs reached a peak
output power of 6.1 W, while the FP-LDs reached a peak
output power of 6.6 W.

The spectra of the DBR-LDs was measured up to 40 A
injection current with 160 ns pulses (Yokogawa AQ6375 opti-
cal spectrum analyzer) and up to 15 A with 1 us pulses
(Antritsu MS9710C optical spectrum analyzer). The resolution
in both measurement setups was 0.05 nm. A typical full width
at half-maximum (FWHM) spectral width of the DBR-LDs
was 0.30 nm. As a reference, the FWHM of the FP-LD was
6.9 nm at 40 A current. The spectra from a DBR-LD at various
injection currents are shown in Fig. 5.

The effect of the DBR grating on the emission wavelength
stability at different mount temperatures was studied by com-
paring the peak wavelength shift of the DBR-LD components
to the peak wavelength shift of the FP-LD components. The
measured spectra are shown in Fig. 6.
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Fig. 5. Spectra from a DBR-LD with 160 ns pulses. The FWHM at 40 A
injection current is 0.30 nm. The resolution is 0.05 nm.
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Fig. 6. The spectra of a DBR-LD chip (solid lines) and a FP-LD chip
(dashed lines) at various temperatures measured in 1 us pulsed operation.
The DBR-LD peak wavelength shifts at a rate of 0.1 nm/°C and the FP-LD
peak wavelength shifts at a rate of 0.5 nm/°C.

The DBR-LDs exhibited a peak wavelength shift
of 0.1 nm/°C while the FP-LDs exhibited a peak wavelength
shift of 0.5 nm/°C. This is expected, since in the DBR-LD the
emission wavelength shift is dominated by the change in the
refractive index of the DBR grating [12], and in the FP-LD
the emission wavelength shift is caused by the change in the
QW bandgap [13]. Furthermore, in the DBR-LDs, the peak
wavelength was linearly dependent on the DBR grating
period as shown in Fig. 7, demonstrating that the grating can
be used to control the emission wavelength accurately even
when the gain maximum is detuned by over 30 nm. Fig. 7
also shows the effective refractive index n.rs calculated from
the measured emission wavelengths 4, known grating periods
A, and known grating order / using the equation for the
Bragg condition [14]
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Fig. 7. The peak emission wavelength of the DBR-LD at 20 °C mount
temperature and 10 A, 1 us pulsed injection across multiple components with
different DBR grating periods and corresponding effective refractive indices.
The gain maximum of the components was at 1522 nm.

IV. CONCLUSION

In conclusion, we reported high-power broad-area 1.5 um
InGaAsP DBR laser diodes with parameters targeting eye-
safe LIDAR, range-finding, and flash illumination applications.
The spectral properties provided by the DBR-LDs enable
the implementation of systems with low noise receivers by
employing narrow pass-band filters. The DBR locks the lasing
to the grating even when the detuning between the gain and the
grating is over 30 nm, enabling the fabrication of large batches
of LDs with identical emission characteristics and high yield.
With 160 ns, 40 A injection pulses, the components exhibited
a peak output power of 6.1 W and 0.30 nm spectral FWHM.
The peak emission wavelength drifted by 0.1 nm/°C, which is
five times less than for the FP-LD component geometry.
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High-power 1.5 um tapered distributed Bragg
reflector laser diodes for eye-safe LIDAR

Antti T. Aho, Jukka Viheriéld, Mervi Koskinen, Topi Uusitalo, Jarno Reuna, and Mircea Guina

Abstract—A high-power InAlGaAs/InP tapered distributed
Bragg reflector laser diode with narrow linewidth emission at
1.5pum is reported. The laser has a monolithic waveguide
architecture comprising a third-order grating section for
longitudinal mode selection, an index-guided gain section for
lateral mode filtering, and a gain-guided tapered section for power
scaling. An output power of 770 mW is reported for continuous
wave operation at room temperature. In pulsed mode, the laser
delivered a peak power of 4.6 W with a full width at half-maximum
spectral linewidth of only 250 pm. In addition to the narrow
linewidth and high-power features, the emission wavelength
exhibits a temperature dependent shift of only 0.1 nm/°C. The
parameters achieved suggest that these laser diodes would enable
the realization of compact LIDAR systems with improved signal-
to-noise ratio, owing to the high output power and the possibility
to use narrow passband filters at receiver side, which is enabled by
the narrow and temperature-stable emission spectrum. The
wavelength range around 1.5 pm also enables LIDAR systems
with high output powers while maintaining eye safety, ultimately
leading to improved system performance.

Index Terms— Diode lasers, distributed Bragg reflector, high
power, LIDAR.

I. INTRODUCTION

IGHT detection and ranging (LIDAR), and 3D sensing

applications in general, are currently receiving a high level
of attention for being one of the key technologies for
autonomous vehicles [1], systems for augmented reality [2], use
of drones for security measures [3], and numerous other
applications e.g. in agriculture [4], forestry [5], and
meteorology [6]. Current LIDAR systems in automotive
applications operate in the wavelength range around 900 nm
where both high-power laser diodes and cost effective Si-based
detectors are readily available [7]. On the other hand, the need
to increase the detection range and enable operation in adverse
weather conditions requires higher output powers at levels that
approach the eye-safety limit. When considering eye safety, the
wavelength range around 1.5 pm enables several orders of
magnitude higher output power [8], while at the same time
small particles in the air cause less scattering [9].
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When it comes to LIDAR implementation, we should note
that moving to 1.5 um wavelength range typically involves the
use of a scanning beam technique incorporating low-cost, low-
noise, single-pixel InGaAs detectors at the receiver side. This is
required in order to cope with the lack of cost-effective detector
arrays, similar to those that Si-based technology offers at short-
infrared wavelengths. On the other hand, the use of a scanning
beam technique makes the requirements concerning beam
quality more critical. In turn, this obstructs the use of high
power broad area lasers, which are normally used in line
scanning or flash illumination 3D imaging approaches at
shorter wavelengths, due to their poor beam quality. Moreover,
while InP-based laser diodes have been a mature technology for
a long time, their emission power for continuous-wave (CW)
single-mode operation is typically only tens of milliwatts, with
the highest level of 100 mW reported for components without a
tapered waveguide section [10]. When using tapered sections,
the power has been scaled to about 0.6 W for CW operation
[11], while we have reported pulsed operation with a peak
power of 1.6 W [12]. The power levels should be significantly
scaled up before this laser diode technology becomes a serious
contender for the established LIDAR technology solutions. For
generality, we should also note that the highest power reported
for a distributed Bragg reflector (DBR) broad-area multi-mode
laser diode is in the range of 6 W for pulsed operation [13].

In this paper, we address the power scaling using a tapered
power amplifier in combination with a single-mode ridge
waveguide (RWG) section [14]. Additionally, we use a DBR
grating to narrow down the output spectrum and reduce the
wavelength drift caused by changes in the device operating
temperature, both features being essential for the use of narrow-
band optical filters at the LIDAR receiver for improved signal-
to-noise ratio and for reducing the solar blinding effect [15]. In
particular, we report a tapered laser with a room temperature
output power of 770 mW in CW mode and 4.6 W pulsed peak
power, which is almost a three-fold increase compared to the
previously reported highest power results [12]. Moreover, we
demonstrate how the use of the DBR grating is beneficial also
in reducing the output power decline at elevated temperatures.
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An analysis of the beam quality factor M? for CW and pulsed
operation is also provided, pointing to the limitations of the
design of the semiconductor epitaxial structure employed in the
study.

II. FABRICATION DETAILS

The semiconductor structure was grown on 2” n-InP wafer
using MOCVD. It comprised four InAlGaAs quantum wells
(QWs) surrounded by InAlGaAs barriers, InAlGaAs optical
confinement layers, InAlAs barrier layers, and InP claddings.
The measured peak photoluminescence wavelength was
approximately at 1500 nm. The waveguide architecture of the
tapered DBR lasers comprised three sections: a 2 mm long
passive third order DBR grating section for longitudinal mode
selection, a 1 mm long active index-guided RWG section for
lateral mode filtering, and a 4 mm long active gain guided
tapered power scaling section with a 5° opening angle. Fig. 1
shows an illustration of the waveguide design in the
longitudinal direction. The width of the waveguide in the DBR
and RWG sections was 1.5 um, and they were surrounded on
both sides by a 12 pm wide trench etched into the
semiconductor. Five different component variants were
fabricated with grating periods ranging from 721.7 nm to 727.4
nm to ensure that a device with a suitable detuning between the
gain maximum and the DBR resonance wavelength was
obtained. The grating duty cycle was 50 % at the surface and
the etch depth was 560 nm above the waveguide layer.

Fig. 1. A schematic drawing of the tapered DBR laser diode depicting the main
features.

The DBR grating lines and the ridge were fabricated using
soft-stamp nanoimprint lithography (NIL) [16] with EVG620
mask aligner and mr-UVCur06 photoresist (micro resist
technology GmbH). SiN was used as the etching mask. The
etching of the semiconductor was done using reactive ion
etching (RIE) with CH4/H, chemistry. After the etching step,
the sample was planarized using benzocyclobutene (BCB) and
covered with SiO,. Then the dielectric layer was opened on top
of the ridges and the tapered waveguides using
photolithography and RIE with CHF3/O; chemistry. Finally, the
p-side was metallized with a Ti/Pt/Au layer stack, the wafer was
thinned from the n-side to a thickness of about 130 um, and the
n-side was metallized with a Ni/Au/Ge/Au layer stack. The
contacts were annealed at 370 °C. After the annealing, an
additional Ni/Au layer pair was added to the n-side to facilitate
wire bonding.

The wafer was cleaved into bars and the facets were coated
using Cutting Edge Coatings NAVIGATOR 700 ion beam

sputtering system. The target reflectance of the front and back
facet were 1.5% and < 0.05%, respectively. A nonzero front
facet reflectance was required to enable feedback to the cavity,
while as small back facet reflectance as possible was beneficial
to allow the DBR grating reflectance to dominate and filter the
longitudinal modes. After coating, the bars were scribed into
700 um wide chips and mounted p-side up on metallized AIN
submounts with silver epoxy glue and wire bonded. Some of
the devices were soldered p-down with AuSn on AIN-submount
to allow a lower thermal resistance and to enable CW operation.

III. EXPERIMENTAL RESULTS

The initial characterization targeted the demonstration of
high peak power operation with a pulse duration suitable for
LIDAR. To this end, the RWG section was biased with 200 mA
DC current using an Analog Technologies ATLS1A103 laser
driver. The tapered section was driven with 160 ns long current
pulses at a 10 kHz repetition rate and amplitude ranging from
5 A to 40 A using Dr. Heller Elektronik HLD 500-50 pulsed
laser driver. The values chosen for the measurements are linked
to the performance of the available current driver and
connectors between the driver and the laser rather than the
ability of the laser diode to handle shorter optical pulses.
Although technically challenging, standard gain dynamics of
laser diodes support operation in the range of a few
nanoseconds if suitable drivers are employed [17]. The
averaged optical power was measured using a calibrated
UMBK-150 integrating sphere with an InGaAs photodiode
from Gigahertz-Optik GmbH. The spectra were measured using
Ando AQ-6315A optical spectrum analyzer with 0.05 nm
resolution.
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Fig. 2. Left: Peak output power of the tapered DBR laser diode as a function
of the current amplitude injected into the tapered section at 20 °C mount
temperature. The RWG section was biased with a 200 mA DC current, while
the tapered section was driven in pulsed mode with 160 ns pulses at 10 kHz
repetition rate. Right: Spectrum of a tapered DBR laser diode at 20 °C mount
temperature, 200 mA DC bias to RWG section and 40 A, 160 ns, 10 kHz
injection pulses to tapered section. The inset shows the spectral FWHM as a
function of the tapered section injection current. The measured FWHM values
show that although the devices exhibit narrow emission spectrum, they are not
single mode.

At 20 °C mount temperature, the devices reached 4.6 W peak
power. Fig. 2 shows the current—power (IL) -characteristic of a
tapered DBR laser as a function of the injection current
amplitude in the tapered section, as well as an exemplary
spectrum of a component at 40 A injection current. The inset
shows the spectral full width at half-maximum (FWHM)
measured at various injection currents. At the maximum current
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of 40 A, the spectral FWHM was 250 pm. Based on a 2D
CAMFR simulation we estimate that the DBR has a reflection
in the range of 40% and it is saturated with the used grating
length. In light of earlier studies [18] the rear reflectivity has
small impact on the slope efficiency with the main limitation
arising from the relatively high internal losses estimated to be
around 10 em™'.

The effect of the RWG section injection current was studied
by applying a constant DC current to the taper section,
sweeping the RWG section injection current, and measuring the
output power. The result from this measurement is shown in
Fig. 3. Depending on the taper section injection current, the
effect of the RWG section current saturates at around 200 mA.
Increasing the taper section current moves the saturation point
to smaller RWG section injection current values.
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Fig. 3. Output power with constant DC tapered section current and varying the
RWG section current at 20 °C mount temperature.
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Fig. 4. Output power in CW and pulsed operation modes at various mount
temperatures. Pulse parameters were 1 us pulse length and 10 kHz repetition
rate. The RWG section was biased with 200 mA DC current.

The effect of the mount temperature on the output power was
studied in both CW and pulsed operation modes. The results are
shown in Fig. 4. The power behaviour is as expected: The
highest output powers are obtained at the lowest temperatures.
However, since the DBR resonance wavelength is longer than
the peak gain wavelength of the active region, as shown in Fig.
2, the detrimental effect of the increasing temperature is
somewhat mitigated by the increased overlap of the gain and
the grating resonance as the temperature is increased. In CW,
some thermal roll-over is already showing at 10 A injection
current, while in pulsed operation the output power increases
steadily from the threshold current up to 10 A. There is some
nonlinearity in both CW and pulsed mode at some currents and
temperatures, which is attributable to either mode hopping in
the DBR grating or filamentation in the tapered section.

Spectral measurements in pulsed mode at temperatures from
20 °C to 70 °C showed that the peak emission wavelength shifts

at a rate of ~0.1 nm/°C, which demonstrates that the grating
reduces the temperature induced wavelength shift of the
emission. In a device without the grating and a similar material
system, the peak gain wavelength shift was 0.5 nm/°C.

The beam quality factor M? was measured in pulsed and CW
operating modes using Thorlabs M2MS measurement system
with a Thorlabs BP209-IR dual scanning slit beam profiler. The
beam astigmatism resulting from the tapered section was
corrected using a C-coated aspheric lens with 3.10 mm effective
focal length (EFL) from AMS Technologies for fast axis
collimation and a C-coated acylindrical lens with 15 mm EFL
from Asphericon GmbH for slow axis collimation. The
collimated beam was focused using a C-coated achromatic
doublet lens with 150 mm EFL from Thorlabs. In pulsed mode,
the pulse length was 50 ns and the repetition rate was increased
to 200 kHz to enable the measurement using the scanning slit
system. Fig. 5 shows the measured beam quality factors at
various tapered section injection currents. All reported values
are calculated from second-moment beam widths (D4o)
according to the measurement standard [19], since the beam
shape is very far from Gaussian especially in the slow axis
direction. The side-lobes and their relative intensity changes
compared to the main lobe in the beam profile would cause
large discontinuous position-dependent fluctuations in the
commonly used 1/e* beam width, rendering it unusable for
evaluating the beam quality.
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Fig. 5. Beam quality factor M? of the laser diodes measured in CW and pulsed
operation with various taper currents at 20 °C mount temperature and 200 mA
CW RWG section current.

It can be seen in Fig. 5 that at all currents, both in pulsed and
CW mode, the M? value is quite high in both fast and slow axis
directions. In pulsed mode, the M? is much higher than in CW,
and in both operation modes, M?x deteriorates quickly with
increasing output power while M2y stays nearly constant. The
poor beam quality in the slow axis direction can be attributed to
the high modal gain of the structure resulting from a high
confinement factor (simulated as I' = 3.6 %), which may lead to
spatial hole burning that causes self-focusing and filamentation
of the beam inside the tapered section [20]. In CW operation
mode, M starts to decrease after 6 A injection current while
in pulsed mode it increases monotonically. This is probably due
to insufficient thermal conductivity of the mount in our M?
measurement setup, leading to thermal roll over of the laser and
reduction in the output power at high DC injection currents.
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Stagnation of the optical output power after the roll over also
limits the beam quality degradation caused by the spatial hole
burning.

In the fast axis direction, the poor beam quality may be
explained by the large leakage of the mode into the cladding
layers and interaction with the contact layer. A simulation of
the fundamental optical mode in the laser structure, done for
300 K material temperature with SimuLase software (Nonlinear
Control Strategies Inc.), indicates that the optical field intensity
at the p-side contact layer is ~4.8% of the maximum field
intensity. This indicates that the interaction could be a reason
for an increase in M?y.

The difference between the pulsed beam quality and CW
beam quality may also be explained to an extent by the high
modal gain of the structure. High modal gain moves the lasing
threshold towards lower injection current densities, where the
effect of the change in the carrier density on the complex
refractive index is higher than at high injection current
densities [21], [22]. Thus, when the carrier density changes
rapidly during the injection pulse, the refractive index profile of
the tapered section is perturbed and the beam quality is reduced.

1v. CONCLUSIONS

We have reported high-power 1.5 pum InAlGaAs tapered
DBR laser diodes with the application target in eye-safe
automotive LIDAR systems. At room temperature, the devices
exhibited 4.6 W peak output power with 250 pm spectral
FWHM in pulsed operation, and 770 mW output power in CW
operation. The peak emission wavelength of the components is
locked to the DBR grating, reducing the temperature change
induced wavelength shift, which would enable the use of
narrow passband receiver filters to block ambient radiation in a
LIDAR system and improve the signal-to-noise ratio. The
components exhibit almost a three-fold improvement in the
pulsed output power compared to previously reported tapered
components with a similar design, and comparable (although
slightly lower) output power level with previously reported BA-
DBR laser diodes. Although the beam quality of the lasers is far
from perfect, they provide a better beam quality than
conventional broad area lasers and therefore enable LIDAR
systems with a better lateral resolution. In the future, we expect
that by utilizing a gain material with a smaller confinement
factor and modal gain we can fabricate components with a
significantly better beam quality, further improving the lateral
resolution and collimation capability. Finally, a system utilizing
a monolithic DBR laser would have a reduced assembly cost
and a smaller footprint compared to solutions exploiting gain
switched laser diodes and 1.5 pm fiber amplifiers.
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We report a single-mode 1180 nm distributed Bragg
reflector (DBR) laser diode with a high output power of
340 mW. For the fabrication we employed novel
nanoimprint lithography (NIL) that ensures cost-
effective, large area, conformal patterning and does not
require regrowth. The output characteristic exhibited
outstanding temperature insensitivity with a power drop
of only 30 % for an increase of the mount temperature
from 20 to 80 °C. The high temperature stability was
achieved by using GaInNAs/GaAs quantum wells (QWs),
which exhibit improved carrier confinement compared
to standard InGaAs/GaAs QWs. The corresponding
characteristic temperatures were To=110 K and
T1=160K. Moreover, we used a large detuning between
the peak wavelength of the material gain at room
temperature and the lasing wavelength determined by
the DBR. In addition to good temperature characteristics,
GaInNAs/GaAs QWs exhibit relatively low lattice strain
with direct impact on improving the lifetime of laser
diodes at this challenging wavelength range. The single-
mode laser emission could be tuned by changing the
mount temperature (0.1 nm/°C) or the drive current (0.5
pm/mA). Laser showed no degradation in a room-
temperature lifetime test at 900 mA drive-current. These
compact and efficient 1180 nm laser diodes are
instrumental for the development of compact frequency
doubled yellow-orange lasers, which have important
applications in medicine and spectroscopy. © 2015
Optical Society of America

OCIS codes: (140.2020) Diode lasers; (140.5960) Semiconductor lasers;
(140.3570) Lasers, single-mode; (220.3740) Lithography; (230.1480)
Bragg reflectors
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Many important applications in spectroscopy and medicine, such as
treatments of vascular lesions, would benefit from availability of
compact semiconductor diode lasers emitting at yellow-orange

wavelengths. However, this wavelength range cannot be reached with
compact and efficient directly emitting semiconductor lasers typically
employed for red wavelengths (GaAs-based compounds) or for blue-
green wavelengths (GaN-based materials). Moreover, the frequency
doubling approaches, traditionally used for reaching green wavelength
range, suffer from the lack of high-power narrow-linewidth frequency
stable laser diodes with fundamental emission at 1170 -1200 nm. This
is due to the fact that GalnAs/GaAs QWs system would require
incorporation of a high amount of In leading to high strain, ultimately
generating high amount of defects affecting the laser efficiency and life-
time. To cope with this limitation, strain compensation technologies
have been employed in external cavity lasers architectures [1, 2] .
Recently, strain-compensated GalnAs/GaAs QWs have been used to
demonstrate a high power tapered laser diode [3] operating near
room temperature. While this recent result is indeed promising, the
long-term life-time assessment of such gain structures remains
questionable given the high intrinsic strain of the QWs.

Alternatively, 1180 nm wavelength range can be reached using,
GalnAs/GaAs QDs [4, 5] or dilute nitrides, i.e. GalnNAs/GaAs QWs [6] .
In particular the use of a small amount of N, in the range of 1 %, has
been recognized for its benefits related to reduced strain and good
carrier confinement enabling demonstration of power levels beyond
10 W in optically pumped vertical-external-cavity surface-emitting
lasers (VECSELs) [6] . Adding a small fraction of N to GalnAs can relax
the design constraints of the semiconductor structure by avoiding the
need for strain compensation and enabling use of higher number of
QWSs, which could be beneficial for power scaling in integrated
amplifiers. The improved carrier confinement translates to improved
temperature stability of laser characteristics, a feature that has been
recognized since the proposal of GaInNAs/GaAs QWs for uncooled
telecom lasers at 1.3 um [7] . Improved temperature stability is
expected to benefit especially miniaturization of frequency-doubled
lasers and in general the development of photonic integration
approaches, which are currently limited by thermal management
issues. For example, ability of lasers to operate at elevated
temperatures will reduce the constrains of mounting them close to
frequency doubling crystals, which often require elevated operation
temperatures [8].

The single-mode operation with stable wavelength and narrow
spectrum, which are essential features for efficient frequency doubling
and spectroscopic applications [8], can be achieved using a distributed



Bragg reflector (DBR) integrated to a narrow ridge waveguide (RWG).
To this end, we have developed a process based on using soft stamp UV
nanoimprint lithography (NIL) for patterning of the DBR. As compared
with other patterning methods (such as electron beam lithography or
steppers) NIL is a low-cost and high throughput method, which can
imprint features at wafer scale [9].

In this article we report on the NIL-based development of a
temperature-stable single-mode GaInNAs/GaAs DBR laser diode
emitting an output power as high as 340 mW at 1180 nm. This was
enabled by employing GaInNAs/GaAs QW with improved carrier
confinement and low intrinsic strain. The highest power reported so
far for a DBR laser operating at 1180 nm, without amplifier or tapering,
is ~230 mW [10].

The semiconductor structure was grown by plasma-assisted
molecular beam epitaxy (MBE) on an n-GaAs(100) substrate and
consisted of a single GalnoziNooosAs QW embedded in a 1 um GaAs
waveguide surrounded by Alo2sGaAs claddings, as illustrated in Fig. 1.
The QW was grown at low temperature of 380 °C in order to
kinetically limit phase separation of metastable GaInNAs [11, 12] . We
used an excess arsenic pressure corresponding to a beam equivalent
pressure ratio of As/Ill = 14. A high growth rate of 1.4 pm/h was
chosen to keep the nitrogen composition low [13] . On the p-side,
thinner cladding was used for alleviating possible problems due to high
aspect ratio etching of the DBR and to maximize thermal conductivity
towards p-contact.
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Fig. 1. Semiconductor layer structure grown by plasma-assisted MBE
and used for the DBR laser.

In addition to precisely controlled growth conditions, post-growth
annealing is of high-importance in GaInNAs device fabrication.
Annealing reduces the amount of point defects related to low-
temperature growth and nitrogen incorporation and affects nitrogen-
induced short range ordering. This improves the luminescence
intensity but also induces a blue shift of the emission wavelength.
However, the unwanted blue shift is saturable and thus, easily
controlled assuming that annealing temperature is not increased
above 750 °C [12, 14] . In order to improve material quality for the
lasers reported here, we grew three test structures with different
annealing temperatures: ~695, ~705 and ~720 °C. The only difference
between the test structures and the DBR laser structure was a thinner
900 nm n-AlGaAs cladding used in the test structures. As a result of
increased annealing temperature, photoluminescence (PL) intensity of
the laser wafers increased by an order of magnitude, and threshold
current density of broad area test lasers decreased to one third of the
original value (Fig. 2). The best wafer showed PL wavelength of
1173 nm and lasing wavelengths above 1190 nm, which are too high
for the targeted 1180 nm DBR laser wavelength. For the DBR laser, we

chose an annealing temperature of ~720 °C, fine-tuned the QW
emission wavelength by slightly reducing In and N compositions, and
increased the n-cladding thickness for suppressing mode-leakage to
substrate.
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Fig. 2. Output power characteristics of 1600 pm x 83 um oxide stripe
test lasers annealed at different temperatures. Inset shows PL
characteristics for the same wafers.

For testing the material characteristics, the heterostructure made
for DBR laser was first processed into 83 um x 1600 pm broad-area
oxide stripe lasers without facet coatings. The lasers were mounted p-
side up, which leads to poor thermal conductivity from the quantum
well region through the substrate to the copper mount. Thus, these
lasers were not optimized for high-power continuous wave (CW)
operation. Still, they had low threshold current density of 220 A/cm?
and reached maximum output of 1.2 W (0.6 W per as-cleaved facet) in
CW mode at driving current of 28 A and voltage of 1.4 V. This
corresponds to electrical to optical conversion efficiency of 31 % and
shows clear improvement as compared with characteristics of
InGaAs/GaAs QW lasers at the same wavelength and mounted p-side
down for efficient cooling [10] . Lasing wavelength shifted from 1160
nm to 1188 when increasing the driving current from 1 A to 3 A. One
reason for the good CW results can be the high thermal stability of the
GaInNAs/GaAs QWs. Thermal properties can be characterized by
characteristic temperatures T, = In(l;,) /AT) and T, =
In(slope) /AT describing the exponential increase of threshold
current In and decrease of slope efficiency, respectively, with
increasing temperature T. The temperature dependence of the output
power in pulsed mode is summarized in Fig. 3; the pulsed mode
operation enabled to decouple the thermal behavior of the diodes from
the heating related to the use of un-optimized mounting scheme (i.e. p-
side up). The determined characteristics temperatures were To = 110
Kand T1 = 160 K. For comparison, typical To values for InGaAs/GaAs
QWs with similar wavelength are around 80 K [10, 15] . In fact we
measured a To = 80 K and T1 = 130 K for our InGaAs/GaAs laser with
similar structure but emitting at 1060 nm. Still, it should be noted that
regardless of the QW material these values can be improved using
higher number of QWs or AlGaAs barriers. Increasing the number of
QWs using dilute nitrides should be easier than with GalnAs because of
the smaller lattice mismatch. Wavelength of the broad-area lasers
shifted at a rate of 0.41 nm/°C and was centered at 1180 nm at a
mount temperature of 100 °C. The vertical far field had a full width at
half maximum of 43°.
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Fig. 3. Peak output power of a broad area laser in pulsed mode and at

different mount temperatures. Inset shows output spectra
corresponding to different mount temperatures.

The DBR laser comprised a 2-mm-long 3 order DBR section with a
reflectivity estimated to be about 15 %. The passive DBR section
selected a single longitudinal mode and stabilized the emission
wavelength. A 3-mm-long RWG section with a width of 3.2 pm
provided gain for lasing in a single transversal mode. DBR and RWG
sections were imprinted by soft UV-NIL in one step and etched into
semiconductor using inductively coupled plasma (ICP) etching system.
Dielectric layer was then deposited on the wafer and removed from
top of the ridge waveguide section to define the area where current is
injected. P-side metallization (Ti/Pt/Au) was deposited and the wafer
was thinned to 150 pm to allow facet cleaving. After thinning, n-
metallization (Ni/Au/Ge/Au) was deposited and the metal was
annealed to form ohmic contact. Both of the cleaved laser facets were
antireflection coated with single layer AlOs for suppressing Fabry-
Perot modes and to increase output power from the front facet. Heat
extraction from the DBR lasers was improved by mounting them p-
side down. Chips were first soldered with AuSn to AIN submount with
thermal conductivity of 170 W/mK. Submount was then bonded on a
conductively cooled copper mount with indium solder.

The DBR laser was characterized in continuous wave mode at
mount temperature of 20 °C. The corresponding characteristics are
presented in FIG. 4. Laser had a threshold current of 300 mA and
reached a maximum output power of 340 mW, which was measured
ata driving current of 1170 mA and forward voltage of 1.67 V (Fig. 4).
This corresponds to electrical-to-optical power efficiency of 17 %
whereas the maximum efficiency of 20 % was reached at driving
current of 876 mA and output power of 269 mW. This record-high
output power is an excellent basis for further increase of the output
power using a tapered configuration.

Output spectrum of the DBR laser was centered at 1180 nm and had
a full width at half maximum (FWHM) of 0.05 nm. The measured
spectrum width was likely limited by the resolution of the optical
spectrum analyzer (0.05 nm FWHM) used for the measurement. The
wavelength could be adjusted at an average rate of 0.5 pm/mA. Tuning
was characterized by abrupt changes due to changing of longitudinal
lasing mode, which was observed also in the output power (Fig. 5).
Between the mode hops, tuning rate was about 1.1 pm/mA. Although
tuning was not continuous, emission wavelength could be tuned to any
value in the tuning range of the laser owing to overlap between lasing
wavelength ranges of consecutive longitudinal modes.
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Fig. 4. Current-voltage and light output characteristics of the single-
mode 1180 nm DBR laser in CW mode and at mount temperature of
20 °C. Inset shows a scanning electron microscope image taken from a
DBRlaser.
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Fig. 5. Wavelength tuning with drive current. Changes between
consecutive lasing modes are seen as abrupt changes in wavelength
and output power. Inset shows the output spectrum measured at 800
mA.

DBR lasers were also measured at different mount temperatures. It
was observed that threshold current decreased from 450 mA to 125
mA with increasing temperature from 10 to 50 °C (Fig. 6). This
unusual behavior is explained by large detuning between the lasing
wavelength and QW gain spectrum. Large detuning is illustrated by
amplified spontaneous emission spectrum centered at 1142 nm at 500
mA driving current (inset of Fig. 6). The wavelength tuning rate with
temperature was of 0.1 nm/°C. At high current levels output power
was relatively insensitive to changes in mount temperature. For
example, output powers measured at 1000 mA driving current were
255, 213 and 181 mW for mount temperatures of 20, 50 and 80 °C,
respectively. This shows that excellent laser characteristics at high
temperatures can be obtained by using high-confinement GalnNAs
QWs together with large detuning between lasing wavelength and
room-temperature QW gain wavelength.
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Fig. 6. Output power of DBR laser with respect to driving current
measured at different mount temperatures. Inset shows output
spectrum at room temperature and current of 500 mA.

A preliminary lifetime test was also carried out by driving the
component for 125 hours at 900 mA and mount temperature of 20 °C.
Only slight improvement of threshold current and output power were
observed after the test.

In conclusion, we have demonstrated an 1180 nm single-mode DBR
laser diode with record-high output power of 340 mW. The laser
exhibited excellent temperature-stability with only 30 % drop in
output power when the mount temperature was increased from 20 to
80 °C. Good high temperature characteristics were enabled by high
detuning between lasing wavelength and room-temperature gain
wavelength and by temperature-stable GalnNAs/GaAs QWs.
Temperature stability of GalnNAs QWs was confirmed by measuring
high characteristic temperatures of To=110 K and T1=160 K for broad
area laser diodes without DBR. High-power single-mode operation is
important for enabling efficient frequency doubling, whereas good
laser operation at elevated temperatures is important for future
miniaturization of the frequency-doubled lasers. Next development
steps include scaling up the output power by fabricating tapered DBR
lasers and demonstration of frequency doubling to yellow-orange
wavelengths in compactarchitectures.
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