(.

- J Tampere University

Santeri Hanhinen

FREQUENCY DOUBLING OF HIGH-POWER
SEMICONDUCTOR LASER DIODES USING A
PLANAR NONLINEAR CRYSTAL

Bachelor’s thesis
Faculty of Engineering and Natural Sciences
November 2021



ABSTRACT

Santeri Hanhinen: Frequency doubling of high-power semiconductor laser diodes using a planar
nonlinear crystal

Bachelor’s thesis

Tampere University
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Semiconductor laser diodes are at the forefront of scientific research and are very important
in everyday life. Wavelengths ranging from infrared to ultraviolet can be produced with the right
semiconductor materials and careful planning. Some wavelengths on this bandwidth can not be
produced with traditional semiconductor laser diodes with good enough efficiency.

One method of achieving these wavelengths is to use nonlinear materials that can convert
some of the incident light to different frequencies. Frequency doubling, where the frequency of the
incident light is doubled, is the most interesting nonlinear interaction considering this thesis.

Many nonlinear interactions require high optical intensities in order to occur. This condition
sets requirements for both the power and the beam quality of the laser diode used. High-power
laser diodes often suffer from less than ideal beam quality. This is hard to optimize but it can be
improved with different structures in the laser. In this thesis, the focus was to experiment on how
well laser diodes with less than ideal beam quality could be utilized with nonlinear waveguides.

In the theoretical part of this thesis, the focus is on the fundamentals of semiconductors and
nonlinear interactions. The experimental side introduces the experimental setup and results that
were achieved. The measurements in this thesis were successful in achieving frequency doubling
with a high power laser operating at 1154 nm wavelength. The conversion to frequency doubled
577 nm yellow second harmonic beam with a planar nonlinear waveguide was measured to be
14.7 % /W /em? with coupling efficiency of 60 % to the waveguide. These results are very close to
the optimum situation reported by the manufacturer of the waveguide. The experiments conducted
in this thesis and the results point to future development in beam quality, nonlinear crystals and
also in the methods of coupling light in the crystal.

Keywords: LASER, nonlinear material, second-harmonic generation
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Puolijohdelasereilla on valtava merkitys sekd nykypéivan tutkimuksessa ettd jokapaivaisessa
elamésséa. Huolellisella suunnittelulla ja oikeilla puolijphdemateriaaleilla voidaan saavuttaa aal-
lonpituuksia infrapuna-alueelta aina ultravioletin alueelle. Joitakin aallonpituuksia talla aallonpi-
tuuskaistalla on kuitenkin vaikea muodostaa perinteisilla puolijohdemateriaaleilla riittdvan hyvalla
hybtysuhteella.

Yksi mahdollisuus naiden aallonpituuksien saavuttamiseen on kayttda materiaaleja, joilla on
epalineaarisia ominaisuuksia. Téllaisten materiaalien erikoisuus piilee niiden kyvyssd muuntaa
osa niihin kohdennetusta valosta eri aallonpituuksille. Taman opinnaytetydn kannalta kiinnosta-
vin epalineaarinen vuorovaikutus on taajuuskahdennus, jossa valon taajuus kaksinkertaistuu eli
aallonpituus puolittuu.

Monet epélineaariset vuorovaikutukset vaativat toimiakseen suurta valon intensiteettia materi-
aalin sisélla. Kyseinen vaatimus asettaa kaytettaville lasereille ehtoja seka tehon ettd sateenlaa-
dun kannalta. Korkeatehoiset laserit kuitenkin karsivat usein heikosta sateenlaadusta. Tata voi-
daan parantaa erilaisilla rakenteilla laserissa, mutta optimia on kuitenkin vaikea saavuttaa. Taman
opinnaytetydn painopisteena on tutkia, miten korkeatehoisia ja sateenlaadultaan ei-ideaalisia puo-
lijohdelasereita voidaan kayttda epalineaaristen materiaalien kanssa taajuuskahdennuksessa.

Tydn kirjallisuusosiossa keskitytdan seka puolijohdelasereiden etta epalineaaristen vuorovai-
kutusten toimintaperiaatteisiin. Kokeellisessa osiossa tutustutaan tutkimuksessa kaytettyyn lait-
teistoon sekd esitelldén silla saatuja tuloksia. Tutkimuksissa onnistuttiin saavuttaman taajuuskah-
dennus suuritehoisella laserdiodilla, jonka aallonpituus on 1154 nm. Taajuuskahdennuksen nor-
malisoitu hydtysuhde mitattiin olevan 14,7 %/W/cm2 ja kytkentédhy6tysuhde epélineaariseen pla-
naariseen aaltojohteeseen 60 % . Nama tulokset ovat hyvin lahelld epéalineaarisen aaltojohteen
valmistajan ilmoittamaa optimaalista tilannetta. Tassa opinnéytetydssa tehdyt kokeet ja niista saa-
dut tulokset nostavat esiin tulevat kehityskohteet kaytettyjen laserien sateenlaadussa, lasersateen
kytkemisessa aaltojohteeseen seka epélineaaristen aaltojohteiden kanssa.

Avainsanat: LASER, epélineaariset materiaalit , taajuuskahdennus

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

Semiconductor laser diodes are at the forefront of scientific research and have still huge
development potential. Certain wavelengths can not be produced with traditional semi-
conductor laser diodes and these wavelengths require additional equipment to reach.
Furthermore, high-power laser diodes often suffer from less than ideal beam quality.

One method of achieving these wavelengths is to use nonlinear materials that can convert
some of the incident light to different frequencies. In order to reach high frequencies, one
could use nonlinear materials that have a tendency for frequency doubling or halving the
wavelength of the incident laser beam. The devices constructed from these nonlinear
materials can require very tight focusing of the beam and good beam quality to achieve
useful conversion to the shorter wavelengths. In this thesis, the focus was to experiment
on how well laser diodes with less than ideal beam quality could be utilized with nonlinear
waveguides.

The explanation of the theory behind this thesis starts in chapter 2. Chapter 2 begins
with the basics of laser operation followed by some key laser diode structures used in the
experimental part of this thesis. Thirdly in chapter 2, laser beam quality is examined and
after that we introduce the theory governing nonlinear interactions and second-harmonic
generation (SHG). In chapter 3, the results of previous research about SHG with high-
power lasers is briefly discussed to set comparison points to the research done in this
thesis. After that in chapter 3, the experimental methods are explained and the results
from the experiments are analysed. Chapter 4 summarizes the thesis’ results.



2. THEORY

The basic fundamentals and theories of this thesis subject matter are covered in this
chapter. Section 2.1 introduces the principles of semiconductor laser operation and sec-
tion 2.2 focuses on three different structures for laser devices that may be utilized to
achieve desired properties for the output beam. In section 2.3, the factors of beam quality
are inspected and lastly, section 2.4 explains the basic theory of nonlinear interactions
and second-harmonic generation with laser light in a periodically poled nonlinear crystal.

2.1 Basics of semiconductor lasers

Semiconductor lasers are solid-state lasers and the materials for them are mostly from
the third and the fifth group of the periodic table (lll-V compounds). The laser operation
occurs in an active medium. The active medium is located inside of a cavity resonator
which provides feedback to the active medium. More energy is pumped in the active
medium by a pumping process, either optical or electrical. This basic structure for a
semiconductor laser is illustrated in figure 2.1.
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Figure 2.1. Basic laser schematic

Semiconductor lasers are widely used because they are reliable, efficient, economical to
mass produce and can produce a high quality light beam in a large range of wavelengths.



2.1.1 Basics for gain in semiconductors

Allowed energies for electrons in semiconductors can be calculated using Bloch’s theorem
and solving the Schrédinger equation in the crystalline structure of semiconductors [1].
The solutions form the band structure of allowed electron energy bands and the bands
are separated by band gap energy F,. At absolute zero temperature, 7' = 0 K, the
highest occupied energy for electrons is the Fermi energy Er. The highest occupied
energy band is called the valence band and the lowest unoccupied energy band is called
the conduction band. For semiconductor lasers, the active medium is direct gap material
meaning that the top of the valence band and the bottom of the conduction band have the
same wavevector value k [2]. This facilitates for strong interaction with light. [3].

If enough energy is added to the system, electrons can be raised from the valence band
to the conduction band. The energy added, in linear processes, needs to exceed the
bandgap energy between the valence and the conduction band i.e. AE > E,. The
electrons excited to the conduction band thermalize quickly (< 1ps) to the lowest possible
unoccupied energy levels in the conduction band due to non-radiative decay [2]. Similar
intraband transition happens in the valence band, where electrons occupy the lowest
possible energy states, leaving unoccupied energy levels at the top of the valence band,
called holes [2]. The electrons pumped to the conduction band can then fall back to the
valence band combining with the holes at the top of the valence band. This process of
spontaneous emission results in light emission in a random spatial direction [4]. A simple
band structure of valence and conduction band is illustrated in figure 2.2.
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Figure 2.2. Simple explanation of light emission in semiconductor with direct bandgap.
Adapted from [4].



The interband transition that occurs when electrons and holes recombine takes con-
siderably more time (= 1ns) than intraband transitions. This means that even in non-
equilibrium conditions, the holes in the valence band are in equilibrium with each other
and so are the electrons in the valence band. Because of this, it is appropriate to introduce
quasi-Fermi energies: Er,, ,L ., subsequently for valence and conduction bands [1]. The
quasi-Fermi energies are the highest occupied energy states in both conductive band and
the valence band at 7' = 0 K. These energies are dependent on the number density N
of carriers excited to the conductive band; Er,, increases and Ef,, decreases while N
increases. The quasi-Fermi energies are then better denoted as Er, (N ),Er.(N). [2]

Incident photons can be absorbed and excite electrons from the valence band to the con-
duction band or stimulate a recombination of a electron and a hole. Stimulated emission
results in amplifying, as in duplicating, the original incident photon rather than emitting in
a random spatial direction. [1] At thermal equilibrium, the transition probability for absorp-
tion is higher than for stimulated emission [5]. To achieve positive net positive gain g in the
semiconductor the conditions need to favor stimulated emission rather than absorption.
The probabilities for absorption and stimulated emission are dependent on the density
of carries in the valence band and in the conduction band.[2] With pumping processes,
electrons can be raised to the conduction band resulting in higher probabilities of stimu-
lated emission [5]. Electrons excited to the conduction band result in the change in both
Er,(N) and Er.(NN) and the condition for positive net gain is presented as [2]:

Ey <hf < Er, (N) = Ep,(N). (2.1)

This condition is called population inversion. The boundary condition, where the bandgap
energy I/, equals the difference of the quasi-Fermi energies is called the transparency
condition and the corresponding injected carrier density is the transparency density N,
[2]. At transparency, the gain for an incident photon with energy that equals £, is zero. If
the injected carrier density is greater than the transparency density, positive net gain can
occur for photons with energies between E, and Ep, (N)—Eg.(N).

2.1.2 The p-n semiconductor junction

The electrical properties of semiconductor materials are directly tied to the number of
free carriers in the crystalline structure. In a pure semiconductor, the number of electrons
and holes as free carriers is exactly the same because free carriers can only be created
from covalent -bond breakage and this process creates pairs of electrons and holes. [6].
The electric properties of semiconductor materials can be altered by introducing impurity
atoms to the crystalline structure [1]. Semiconductors that have some of the atoms in the
lattice replaced by an impurity atoms, are called doped semiconductors. Impurity atoms
can introduce free carriers as electrons or as holes. The process of introducing impurity



atoms that provide free electrons to the lattice is called N-doping and introducing free
holes is called P-doping. N-doped materials can donate electrons and P-doped materials
can accept electrons. In the n-type semiconductor, the Fermi energy E'r is raised to the
conduction band because of the excess electrons and in the p-type semiconductor, the
Fermi energy drops to the valence band.

Attaching a p-type semiconductor with a n-type semiconductor forms a P-N junction. P-
N junctions are used widely in solid-state electronics and lasers utilize the P-N junction
to generate coherent light. After forming the junction and with no applied voltage, free
carriers begin diffusing across the junction. Electrons diffuse from the n-side to p-side
and some of them combine with holes, leaving behind positively charged ions that are
attached to the lattice structure. Holes diffuse from the p-side to the n-side combining with
electrons, leaving behind negatively charged ions. This creates an area in the junction
that is depleted of mobile carriers. Any free charge carries that enter this area, experience
the force from the formed electric field in the area and start drifting depending on the
charge. At equilibrium, the diffusion current and the drift current are equal but to opposite
directions.[1] The equilibrium state of a p-n junction without voltage applied can be seen
in figure 2.3

Flat Fermi level

Ey

p—type «—— —sn—type

Figure 2.3. P-N junction with no voltage applied. Adapted from [1].

E¢ is the conduction band energy level Ey is the valence band energy level. The Fermi
energies for both n-side and p-side are seen to be the same as in figure 2.3 when both
n-side and p-side are in thermal equilibrium. Applying bias V; to the junction changes
the energy difference AE between the two energies by eV;. The energy difference can
decrease or increase depending on the applied voltage. With a forward bias, the energy
difference decreases and with a reverse bias, the energy difference increases as seen in
figure 2.4. [1]

In the case of forward biasing, the applied voltage shrinks the depletion zone and the flow
of carriers increases. This means that electrons and holes are injected in the junction
area.
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Figure 2.4. P-N junction energy band with different bias . Adapted from [1].

As discussed in section 2.1.1, the electrons in the conduction band recombine with the
holes in the valence band to generate light emission. The limiting case for incident light to
stimulate the recombination rather than to be absorbed was to reach population inversion
of the carriers. With appropriate voltage applied, this condition can be reached and lasing
can occur.

2.2 Laser structure

There are many different types of semiconductor laser diodes and they all have their dif-
ferent uses. We are going to focus on edge-emitting lasers. Edge-emitting semiconductor
lasers emit light along the plane of the semiconductor wafer as seen in figure 2.5.
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Figure 2.5. Cross-section of edge-emitting laser. Adapted from [3].

Edge-emitting lasers are typically constructed with several different regions. Most basic
structures would only have the active gain medium in a cavity surrounded by two mirrors
as in figure 2.1. However, to achieve different properties for the laser beam, several
different structures can be added. These structures can be used to achieve for example
narrower emitted spectral line-width, improved beam quality and increased optical power



2.2.1 Distributed Bragg reflector

One or both of the mirrors at ends of the laser cavity can be replaced by Bragg grating
mirrors. These mirrors form the basis for the distributed Bragg reflector lasers (DBR-
lasers). These sections of the laser are typically passive, meaning that the area is not
under any pumping process. The main reason to use Bragg grating mirrors over regular
laser mirrors, is to achieve good frequency selectivity.

The frequency selectivity of Bragg mirrors arises from their periodic grating structure and
Bragg reflections caused by it. The grating is constructed from materials that have varying
index of reflection. In the case where lateral dimensions of the Bragg reflector are not
taken into consideration, the length of the grating and the difference between the index of
refraction of the materials used in the grating determine the total reflectivity of the mirror.
The period of the grating A can be calculated for the desired wavelength A as in [2]:

A

A=—2
2<neff>

(2.2)
where < n.s; > is the average effective refractive index of the grating along the grat-
ings length. As can be seen from equation 2.2, there is only a single wavelength that
satisfies this equation with a fixed period A. This means that a well designed distributed
Bragg reflector filters out a very narrow linewidth of frequencies (Bragg frequency) that
are reflected back constructively as seen in figure 2.6.

In figure 2.6, the wave is incident from the right side and the grating is designed for 800
nm light. This grating in a edge-emitting laser can be made by etching a periodic pattern
into the area that is wanted to be used as a Bragg mirror. This etched grating can then be
filled with a material that has a different refraction index resulting in a grating period like
mentioned before.

2.2.2 Ridge waveguide

Waveguides are used in laser diodes to confine the beam in lateral and transverse di-
rections. Good confinement over the length of the laser cavity essentially removes beam
divergence. Confinement in the active area of the laser results in high optical intensities
in the waveguide and improves the modal gain in the active material. [8]

Ridge waveguides are used to improve both lateral confinement and so to limit the RWG
to lase at a single spatial mode. [8] An illustration of ridge waveguide is in figure 2.7.

This type of ridge-waveguide is easier to fabricate than to have the waveguide buried.
RWG stuctures also allow for higher power applications because of low current confine-
ment. [10]
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Figure 2.6. Bragg mirror operation for different wavelengths. Adapted from [7].
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Figure 2.7. lllustration of ridge-waveguide. Adapted from [9].

2.2.3 Tapered waveguide

To further amplify the optical power of the edge-emitting laser, the waveguide used can
be gradually made wider. By making the end facet of the laser wide, it is more resistant
to heat damage caused by of optical absorption at the facet [10]. A simplified illustration
of the tapered section can be seen in figure 2.8.

The transverse mode of the beam is kept the same in the tapered section and the beam
expands in the tapered section by diffraction [10].
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Figure 2.8. Simplified illustration of tapered section of laser diode. Adapted from [11].

2.3 Beam quality

The beam quality parameter or the M2 factor, is one of the most commonly used char-
acteristic of laser beams. The M? factor describes how close is the beam to the ideal
fundamental Gaussian beam. M2 factor also defines the divergence of the beam. This
value can be calculated as in [12]:

A
M= —, (2.3)
Twol
where 6 is half-angle beam divergence, wy is the beam radius at the beam waist and A
the wavelength. The M? factor of one equals the diffraction limited case of a Gaussian

beam. This is also theoretically the lowest value for a real beam. [2]

2.4 Nonlinear interactions and materials

Many applications require high-power light that also has a short wavelength. Shorter
wavelengths can not be produced with laser diodes with good enough efficiency so one
needs to find a way to generate these using different methods. Nonlinear interactions can
be used to achieve wavelengths beyond what is possible with regular lasers by using for
example frequency-mixing.

2.4.1 Second-harmonic generation

Typically, materials interact with electromagnetic waves in a linear manner. This means
that the polarization caused by the fundamental EM wave causes a linear polarization
wave in the material. This polarization wave then has the same frequency as the original
EM wave. The magnitude of the polarization wave P induced by the EM wave per unit
volume in any material can be written as [13]

P = eox'"VE + eoxPEE + oY EEE + ..., (2.4)

where E is the magnitude of the applied EM field, ¢, is the permittivity of free space
and ") represents the linear susceptibility of the material. The second and third order
nonlinear susceptibilities x(* and x*) are responsible for the lower order nonlinear ef-
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fects. Second order nonlinearities include for example frequency doubling and sum and
difference frequency generation. The Kerr effect arises from the third order nonlinearity.
[13]

The dielectric polarization caused by EM fields in a material can be usually approximated
to be linear but with high power EM fields this approximation does not hold and the original
EM field produces nonlinear dielectric polarization waves in the material. In frequency
doubling, a high intensity electromagnetic field, in this case laser beam, generates in
a nonlinear material a forced nonlinear polarization wave that has twice the frequency
of the fundamental wave. The second order nonlinear suspectibility x(?) of the material
is responsible for this interaction. So a material that has high second order nonlinear
suspectibility (?, is better suited for frequency doubling. [13] Materials that lack high
lattice-symmetry can typically be used to achieve x(? nonlinearity. [14]

According to Maxwell’s equations, this forced polarization wave radiated a free EM field,
a second-harmonic wave, at this doubled frequency (half the wavelength). [13] The fun-
damental wave and the secondary harmonic wave travel at different phase velocities and
gain a phase difference Ak [13]:

_47r

Ak = —
Ao

(nw - n?w)a (25)
where )\, is the fundamental EM fields wavelength and n, and ns, are the refractive
indices for the fundamental frequency and the doubled frequency respectively.

The sign of power flow between these two waves depends on the relative phase differ-
ence. After a distance called coherence length [.., the sign changes and the power starts
flowing from the second harmonic wave back to the fundamental wave. The effect of the
coherence length can be seen in figure 2.9.

In this figure, the conversion efficiency of the nonlinear material from the fundamental
wave to the second-harmonic wave can be seen in the y-axis. Crystal length in the x-axis
is the length of the nonlinear crystal. With infinite coherence length, the conversion would
continue growing along the length of propagation in a nonlinear crystal. With smaller
coherent lengths, yellow graph being the smallest, the conversion can be seen to oscillate
between a maximum and zero after every two coherence lengths.

2.4.2 Quasi-Phasematching

To have the power flow constantly from the fundamental wave to the secondary wave, a
method called quasi-phase-matching (QPM) is used in the nonlinear waveguide in these
experiments.
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Figure 2.9. Conversion efficiency dependency on the coherence length. Adapted from

[13].

What this means is that after the coherence length, the relative phase difference is shifted

by 7 and therefore a proper phase difference is maintained. This phase correction can be

done by changing the polarization domain in a ferroelectric crystal. And if the nonlinear

crystal is periodically poled in a way where the polarization changes every coherence

length, we get increasing power. [13] This effect of change of polarization can be seen in

figure 2.10.

Figure 2.10. Importance of of periodic pooling in nonlinear crystals. [15]
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In figure 2.10, I, can be seen as the intensity of the second-harmonic wave in the non-
linear material. X-axis shows the propagation in the material. Curve A represents the
situation where the two waves are perfectly phase-matched. Curve B is the situation with
QPM, where there is a change in the polarization every coherence length. When the two
waves are only partially phase-matched, the intensity of the second-harmonic wave oscil-
lates as in curve C. The phase difference can be fine-tuned by changing the temperature
of the nonlinear crystal. This changes the refractive index of the material but also the
grating period and length of the crystal. [16]
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3. EXPERIMENTAL

The experimental research conducted in this work and by previous research groups is laid
out in this chapter. Section 3.1 introduces the experimental results of different research
groups to use for comparison later on. In section 3.2 the experimental setup that was
used in this work is introduced in detail followed by section 3.3 where the measurement
process is described. Lastly, in section 3.4 the experimental results gathered from the
measurement process are shown and explained.

3.1 Previous results

Frequency doubling of high power lasers has been studied previously with good results.
The work done by Daniel Jedrzejczyk et al [17] has the same starting points as the experi-
ments conducted in this work. The results they were able to gather, give a good reference
point for these experiments. Most importantly, the results by Daniel Jedrzejczyk et al.
from the temperature scan to find the phase-matching temperature to achieve the highest
conversion efficiency are in figure 3.1.

1'4 L] Ll L L l L L) L L] l L) L L L] I L) L L] Ll l L)

/1

1.2 L * Exp. Data

SH

1.0 Simulated -

0.8
0.6
0.4
0.2

Normalized SH Power P

0.0

Temperature T / °C

Figure 3.1. Experimental and simulated results of SHG power dependence on crystal
temperature. [17]
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These results should give a good staring point on what to look for when doing the experi-
ments and also what the end results should look like.

3.2 Experimental setup

For these experiments, two slightly modified setups were used. The need to modify the
setup arises from using two different laser sources for the experiments. The laser that was
used in the first part of the experiments had a desirable wavelength for SHG, stigmatic
beam shape and overall good beam quality. This setup can be seen in figure 3.2.

E .

Figure 3.2. Setup used in experiments with RWG-DBR laser. 1. Collimation lens 2.
RWG-DBR laser 3. Neutral density filter 4. Isolator 5. Wave plate 6. SA focusing lens 7.
FA focusing lens 8. Nonlinear crystal 9. Crystal oven 10. Focusing lens for yellow light
11. Longpass dichroic mirror 12.Shortpass filter 13. Off picture is power meter.

In the first part of the experiments, the near infrared (NIR) light source had two different
sections. One being a passive DBR-section and the second one was an active RWG
section. The RWG section was under I = 1400mA bias in this experiment and the
laser was kept at a temperature of 7' = 40C. The NIR light source is placed on a stage
that can be moved horizontally. This can be seen at the far left centre of figure 3.2.
This movement was crucial because the beam needed to hit the face of the nonlinear
waveguide very accurately. The laser can be driven on a constant current using laser
diode drivers. This setup has the possibility to use two separate drivers to use different
bias on different sections of the lasers. The output beam from the laser was collimated
using an aspheric lens (f=4.5mm). This setup only required one collimation lens because
the laser the beam was stigmatic. Polarization-depended isolator was used in front of the
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laser to prevent back reflections from the optics. Half-wave plate was used to rotate the
polarization of the beam to match the polarization of the waveguide. To control the NIR
output power, neutral density filter was used. For focusing the beam in the SA-direction,
plano-convex cylindrical lens (f=40mm) was used and in the FA direction an aspheric
lens (f=8mm) was used. To collect all of the converted yellow light and to block out any
NIR light, a set of lenses and mirrors were used. Because the yellow light diverges very
quickly, a pre-focus plano-convex lens (f=35mm) was used to collect all of the yellow light.
The yellow light was separated from the NIR light by using a longpass dichroic mirror,
which let the NIR light pass through and reflected the yellow light. To ensure that all the
NIR light was blocked from entering the power meter, shortpass filter was used to filter
the beam. The power of the yellow light was measured with a optical power meter and a
silicon measurement head.

The second laser that was used had a different structure. This laser also had a desirable
wavelength for SHG, good beam quality but the beam was slightly astigmatic. This laser
had a passive DBR section, active RWG section and an active tapered section. The laser
was operated at 25 °C and a bias of 3500 mA was applied to the tapered section and
bias of 300 mA was applied to the RWG section. With this current applied, the NIR output
power was measured to be 634 mW and the M? value was 1.29 for the FA-direction and
4.6 for the SA-direction. The M2 value for the SA-direction is quite large but the intention
was to first maximize the coupling in the waveguide in the FA-direction and then optimize
the SA-direction inside the waveguide. These differences in the lasers called for slight
adjustments in the setup that was used.

The setup was also changed because the laser and the collimating lenses were assem-
bled together on a copper block. So the FA-collimating lens was not needed in this part
of the experiments. The laser and the collimating lenses can be seen assembled on the
copper block in figure 3.3.

L
— D

] I

Figure 3.3. Assembled laser and collimating lenses used in experiments. lllustration by
Topi Uusitalo.
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Also the optimal lens distances were simulated to be much longer than in the previous
experiments. The optimal distance for the FA-collimating lens and FA-focusing lens was
simulated to be 1000mm. The distance is longer because this laser had a slightly larger
FA near field than the RWG-DBR laser. Because of the near field, the focusing needs to
be tighter and thus longer distance is needed with the lenses that were available for use.
Two mirrors were used to change the distance more easily. With this setup, the distance
could be changed from 500mm to 1000mm. At these distances, the beam diverged in the
SA-direction so much that a pre-focus lens was needed to slightly focus the beam in the
SA-direction. The resulting setup can be seen in figure 3.4.

Figure 3.4. Second setup used in experiments with different lens configuration. 1. As-
sembly of figure 3.3 2. Isolator 3. Neutral density filter 4. Pre-focus lens 5. Waveplate 6.
Mirrors 7. SA focusing lens 8. FA focusing lens 9. Nonlinear crystal 10. Crystal oven 11.
Focusing lens for yellow light 12. Longpass dichroic mirror 13. Shortpass filter 14. Power
meter

The positions for the mirrors and the pre-focusing lens was determined by experimenting
with different configurations. The best result was achieved when the distance between
the FA lenses was 750 mm and the distance of the pre-focus lens from the FA-collimating
lens was 250 mm.

The device to achieve frequency doubling and SHG used in these experiments was a
periodically poled and MgO doped LiNbO3 (ppMgO:LN) planar waveguide. This waveg-
uide was designed to convert 1154 nm NIR light with SHG to 577 nm yellow light. The
phase matching temperature to achieve SHG was given as 40 += 20C. The maximum
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coupling efficiency was given to be 70 % and the normalized conversion efficiency as
13 %W /em?. Normalized conversion efficiency essentially indicates the crystals perfor-
mance. To reach the phase matching temperature, a temperature controller and a crystal
oven were used. The oven had a teflon cover for temperature insulation but because of
the focusing condition of the lenses, this cover could not be used in the experiments. To
control the location of the waveguide, the oven was placed on a linear stage that allowed
motion perpendicular to the beam. Basic front view of the waveguide can be seen in
figure 3.5.

700 um

Protection cap:
0.55 mm

Planar
I [

waveguide
channel: 5 um

Substrate: 1Imm

Width: Imm

Figure 3.5. Front view of the waveguide

The planar waveguide 5 um tall and the poled area is 700 um wide. Because of this, the
beam quality of the laser beam had to be good in the FA- direction . Beam quality in the
SA- direction also matters because the M? factor affects the focusing of the beam.

3.3 Measurement process

Firstly, the laser beam is collimated, in the case of the laser diode, with the aspheric lens.
In the second step, the laser beam is aligned with the front facet of the nonlinear crystal.
This can be done by adjusting the locations of the collimation lens, the linear stage of the
crystal and the laser diode. In the next step, the focusing lenses are placed in front of
the nonlinear crystal. Simulation software was used to to find the optimal placements for
the focusing lenses. After this, the correct focusing and placement of the laser beam in
the nonlinear crystal has to be optimized. The initial placement of the laser beam can be
roughly set by using a microscope camera to observe the beam at the back facet of the
nonlinear crystal. The optimal focusing and the placement of the beam in the crystal are
very hard to optimize because they have to be precise. When it was clear that the beam
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was coupled in the waveguide, meaning that yellow light could be seen emitting from
the waveguide, the temperature of the waveguide could be changed to find the phase-
matching temperature. This was done by changing the crystal ovens temperature and
optimizing the lens positions for each temperature. This was necessary since changes
in the temperature of the crystal altered the position of the waveguide due to thermal
expansion. The optimal location was found when the optical power of yellow light was
maximized. It was crucial to keep the NIR power low that hit the face of the crystal
since changes in the position of the beam with high power can result in damaging the
waveguide.

3.4 Experimental results

For both lasers that were used, the measurements were quite similar. With the RWG-DBR
laser, the phase matching temperature was known beforehand so the measurements
were made close to that temperature and the results can be seen in figure 3.6.

SHG conversion efficiency RWG-DBR
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Figure 3.6. Conversion efficiency of SHG using RWG-DBR laser

The conversion efficiency in figure 3.6 is calculated without taking into consideration how
much of the IR-light gets coupled into the crystal. This coupling percentage was mea-
sured to be around 60 percent. This was measured by measuring the IR- power before
the crystal and after the crystal using a optical power meter with InGaas optical power
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measurement head. The result with the corrected conversion efficiency is seen in figure
3.7.

SHG conversion efficiency with coupling RWG-DER
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Figure 3.7. Conversion efficiency of SHG using RWG-DBR laser

The same measurements were made with the tapered-DBR laser. With this laser the
optimal temperature was unknown. Because of this, the range of temperatures in figures
3.8 and 3.9 is larger. The results of the measurements and conversion efficiency is plotted
in figure 3.8.

The conversion efficiency in figure 3.8 is once again calculated without the coupling con-
dition. The coupling percentage was also around 60 percent for these measurements.
The result with the corrected conversion efficiency is seen in figure 3.9.

Because of the narrow temperature range in figures 3.6 and 3.7, the results are harder to
compare with figure 3.1. But the narrow peak can be seen along with the quick drop off
in the conversion efficiency. The shape of the curve in figure 3.9 can be seen to resemble
the measurement results of previous work done by Jedrzejczyk et al. in figure 3.1. The
highest conversion efficiency peak can be seen to be very narrow with a fast drop off
when the temperature is changed around the phase-matching temperature.
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4. SUMMARY

The main idea behind this thesis was to experiment with nonlinear interactions, more
precisely frequency doubling, using a high power edge-emitting laser diode. The basis
for laser action and basic laser structures were introduced to have a better understanding
of the experimental setup used. Additionally, the basic theory for frequency doubling was
shortly explained. The experiments were conducted with a planar nonlinear waveguide
crystal that had not been tested previously in our research group. The main interest was
in the conversion efficiency of the crystal and the temperature response that it had to the
laser diodes used.

Compared to previous results y Daniel Jedrzejczyk et al [8], the RWG-DBR laser did
not show any significant outcome. The results with tapered-DBR however match the
previous results quite well and the conversion efficiency is very close to the maximum
efficiency that was stated by the manufacturer. The setup used in the experiments was
slightly different from what the manufacturer had used and so the results for the coupling
efficiency are not identical to those of the producer.

Further work in this area could be focused on several different topics. First, the laser diode
that is used as the pump source for the SHG crystal could have a better beam quality.
The importance of the M? value in the frequency doubling could then be addressed.
Secondly, the setup that was used could be optimized by experimenting using a fiber to
couple the light in the SHG crystal better. Thirdly, the SHG crystal could be non-planar
and so have better confinement in the SA- direction. This would allow for higher intensities
in the crystal, higher coupling efficiency and overall higher performance of the frequency
doubling. This would also require for the laser beam to have a better beam quality in the
SA-direction.
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