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3. Gutachter der Dissertation:

Prof. Dr. Paul Michael Petersen,

Photonics, Technical University of Denmark, Roskilde

Ort und Datum der Disputation:

Potsdam 30. Oktober 2009



In physics, you don’t have to go around making trouble for yourself -

nature does it for you.

(Frank Wilczek)





Contents

1 Introduction 1

I High brilliance emission from external cavity diode lasers 5

2 High brilliance emission from diode lasers 7

2.1 Brightness and brilliance . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Fundamentals of diode lasers . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 p-n junction and p-i-n double-heterostructure . . . . . . . . . . . . 9

2.2.2 Fabry-Perot diode laser . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.3 Optical confinement . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Design considerations for power scaling . . . . . . . . . . . . . . . . . . . 12

2.3.1 Vertical layer design . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.2 Lateral chip design . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Approaches to achieve narrow bandwidth emission . . . . . . . . . . . . . 16

2.4.1 External cavity diode lasers . . . . . . . . . . . . . . . . . . . . . 17

2.4.2 Distributed feedback diode lasers . . . . . . . . . . . . . . . . . . 18

3 Theoretical description and modeling of coupled diode laser arrays 19

3.1 Array design considerations and brightness scaling . . . . . . . . . . . . . 20

3.1.1 Coupling mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.2 Array supermodes and off-axis emission . . . . . . . . . . . . . . . 23

3.2 Mathematical modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1 Traveling wave model . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.2 Numerical method and results: stripe-array diode laser . . . . . . . 29

3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4 Transversal mode selection with off-axis external cavities 31

4.1 Characterization of the stripe-array amplifier . . . . . . . . . . . . . . . . . 31

4.2 Off-axis external cavities . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2.1 Spherical aberrations for symmetric off-axis feedback . . . . . . . 33

4.2.2 Plane mirror for asymmetric off-axis feedback . . . . . . . . . . . 38

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5 Wavelength stabilized external cavity stripe-array amplifiers 41

5.1 On-axis ECDL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2 Off-axis ECDL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.2.1 Lowest order out-of-phase supermode . . . . . . . . . . . . . . . . 47

5.2.2 Second order in-phase supermode . . . . . . . . . . . . . . . . . . 52

i



ii Contents

5.2.3 Modeling the off-axis ECDL . . . . . . . . . . . . . . . . . . . . . 54

5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

II Nonlinear frequency conversion with diode lasers 59

6 Second harmonic generation 61

6.1 Nonlinear polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.2 Quasi phase-matching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.3 Nonlinear materials for QPM . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.3.1 Periodically poled ferroelectrics . . . . . . . . . . . . . . . . . . . 64

6.3.2 Waveguides and waveguide fabrication . . . . . . . . . . . . . . . 65

6.3.3 Limitations and damage mechanisms . . . . . . . . . . . . . . . . 66

6.4 Second harmonic conversion efficiency . . . . . . . . . . . . . . . . . . . 67

6.4.1 Bulk crystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.4.2 Waveguides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.4.3 Wavelength and temperature acceptance bandwidth . . . . . . . . . 68

7 Efficient frequency doubling of high brilliance diode laser emission 71

7.1 Characterization of the nonlinear crystals . . . . . . . . . . . . . . . . . . 72

7.2 Frequency doubling using the off-axis ECDL . . . . . . . . . . . . . . . . 76

7.2.1 SHG with bulk crystals . . . . . . . . . . . . . . . . . . . . . . . . 76

7.2.2 SHG with waveguide crystals . . . . . . . . . . . . . . . . . . . . 80

7.2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.3 Frequency doubling using an external cavity enhanced tapered amplifier . . 86

7.4 Frequency doubling using a DFB ridge waveguide diode laser . . . . . . . 93

7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

8 Off-axis ECDL based biphoton source 101

8.1 Experimental setup and results . . . . . . . . . . . . . . . . . . . . . . . . 102

8.2 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

9 Summary and conclusion 111

9.1 Summary of contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 112

9.2 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

List of acronyms 115

A Additional information 117

A.1 Second order susceptibility χ
(2) . . . . . . . . . . . . . . . . . . . . . . . 117

A.2 Measurement devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

Publications 133

Acknowledgment 137



Chapter 1

Introduction

The invention of the laser in 1960 [1] had a huge impact on science and technology. Since

then, new lasers are the driving force for the creation of many unimagined inventions. Two

years after the demonstration of the first laser using ruby as active material, coherent emis-

sion from semiconductor material was realized [2]. Today, edge emitting diode lasers be-

long to the most efficient coherent light sources with electro-optical efficiencies of more

than 70% [3]. They are ubiquitous in everyday life as we face them e.g. in CD players,

printers, displays and product scanners. However, despite the advances made in band gap

engineering and manufacturing technologies, diode lasers still face several limitations:

Transversal multi-mode operation: The diffraction-limited output power from a (nar-

row stripe) diode laser is limited to a few hundred milliwatts. Higher powers can be realized

by extending the emitter to a width of 50 µm to 1000 µm to form a broad area (BA) diode

laser. BA single emitter diode lasers yield continuous wave (cw) emission with output pow-

ers of more than 10 W [4]. Combined in arrays (laser bars) these devices are capable of

producing radiation with several hundred Watts of output power [5], while the power level

can be increased to several kilowatts by stacking multiple laser bars [6]. The main drawback

of a BA diode lasers is the poor spatial beam quality in the direction where the emitter is

broad, because transversal multi-mode operation will occur due to the lack of waveguiding.

A second way for power scaling is manufacturing arrays of narrow stripe diode lasers,

so called coupled “stripe-arrays”. If the emitters are realized in close proximity, coupling

between adjacent stripes will occur leading to a global coupling between all emitters. How-

ever, the stripe-arrays showed a strong double lobed emission in the far-field, which caused

poor beam quality and thus made them unattractive for most applications.

Several approaches to achieve high power emission with improved beam quality from

BA and stripe-array diode lasers exist. Off-axis external cavities with mirrors, gratings or

phase conjugation [7–10] and injection locking with a master laser [11] were demonstrated.

Longitudinal multi-mode operation: Another drawback of edge emitting diode lasers

is longitudinal multimode operation which is owed to the lack of wavelength selectivity of

the Fabry-Perot cavity. Thus, the spectral width of the emission of such a diode laser is

relatively broad (typically > 1 nm for BA diode lasers). This can be overcome by inte-

grating Bragg reflectors into the laser diode chip, or by setting up an external cavity with

wavelength selective elements like diffraction gratings.
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Spectral range: Emission from edge emitting diode lasers is available from the ultravio-

let to the blue spectral range (from 365 nm to 480 nm) and from the red to the mid infrared

spectral range (from 630 nm to 2600 nm) [12, 13]. High power, high brightness devices are

only available from 790 nm to 1150 nm. In the visible spectral range from the aquamarine

to the red (from 481 nm to 630 nm) [14], a lack of emitters capable to produce efficient ra-

diation exists. Although pulsed operation in the green spectrum [15] has been demonstrated

very recently, these diode lasers are still under development and show very low efficiencies.

However, a vast number of applications like medical treatment and diagnostics, spec-

troscopy, data storage, and display technology demand laser emission within the visible

wavelength range. Gas lasers, like the Argon ion laser, show strong emission lines in the

blue-green spectral range. But these devices are rather bulky, show short service intervals

and suffer from low efficiencies. Thus, a strong need for compact blue-green laser devices

exists [16], which motivated this work.

Thesis outline

Frequency conversion like second harmonic generation (SHG) is one technique to generate

coherent radiation in wavelength ranges where lasers are not readily available. To achieve

efficient frequency conversion in a nonlinear crystal, high intensities are required. Further-

more, the necessary phase-matching demands for narrow bandwidth emission. Although

periodically poled materials that enable efficient frequency conversion at moderate pump

powers have become broadly available, the key requirements for the pump lasers remain

high power emission in combination with high spectral purity and good spatial mode qual-

ity.

The primary objective of this dissertation is to realize radiation with such a high bril-

liance in the near infrared spectral range by utilizing BA or stripe-array diode lasers. To

realize the requirements for SHG the diode lasers have to be anti-reflection (AR) coated

to realize an amplifier that can be stabilized in an external cavity. Thus, the transversal

and longitudinal emission characteristics of such BA and stripe-array amplifiers have to be

investigated. The parameters of high-power, stable single-longitudinal and fundamental-

transversal operation have to be separated step by step theoretically and experimentally.

The external cavity has to be designed appropriately following these investigations.

The second goal of this work is to utilize this external cavity diode laser (ECDL) for

efficient frequency doubling to the blue spectral range with periodically poled materials.

This thesis is split into two major parts and structured as follows:

The first part of this thesis describes the strategies to achieve emission with high brilliance

from external cavity enhanced BA and stripe-array amplifiers. The second part of this thesis

reports on efficient frequency conversion of diode laser emission utilizing periodically poled

materials.

In chapter 2, the fundamentals of high power diode lasers are discussed briefly. The the-

oretical framework to understand the physics of the coupled stripe-array used in this work is

given in chapter 3. Numerical simulations have been made as the basis for the design of the

external cavity. Transversal mode selection with off-axis external cavities is investigated in

chapter 4. Wavelength stabilization and bandwidth narrowing is investigated in chapter 5.

As a result, an off-axis stripe-array ECDL is developed that fulfills the requirements for

nonlinear applications.

Chapter 6 gives a brief overview of the foundations of second harmonic generation. In
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chapter 7, the results of single pass frequency doubling the emission of the off-axis stripe-

array ECDL developed in the first part of this thesis are presented. As a benchmark for

the performance of this off-axis stripe-array ECDL, two other state of the art diode laser

systems have been investigated.

To demonstrate the improvement of the emission quality that is made by stabilizing

the stripe-array amplifier in the off-axis external cavity, another application of this device

is presented in chapter 8: a tunable all-solid-state biphoton source that provides a record

number of generated biphotons per second. The source was explicitly designed for quantum

spectroscopy.

Finally, the work is summarized and future ideas are presented in chapter 9.
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Part I

High brilliance emission from external

cavity diode lasers
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Chapter 2

High brilliance emission from diode

lasers

Edge emitting diode lasers based on gallium arsenide (GaAs) are key elements for modern

laser technology. These compact devices reach outstanding electro-optical efficiencies, high

reliability and high output powers. In edge emitters, a Fabry-Perot resonator is formed

between the cleaved facets of the semiconductor chip. This manufacturing step is simple,

cost effective and can be performed with a high precision. Unfortunately, the low mode

selectivity of the Fabry-Perot resonator results in longitudinal and transversal multimode

operation.

However, in the last few years the demand for efficient diode laser emission with good

transversal beam quality and narrow spectral emission has increased. Thus, new chip and

resonator designs have been developed to solve these problems and modern GaAs based

diode lasers can produce radiation with high brightness and brilliance, respectively. These

developments were mainly driven by spectroscopic applications but have opened the door

for diode lasers to be used for nonlinear frequency conversion.

In this chapter, the fundamentals of edge emitting diode lasers with the emphasis on

obtaining high power, high brightness and high brilliance emission will be presented.

2.1 Brightness and brilliance

The Gaussian beam is the fundamental transversal eigensolution of the field equation of

a propagating electromagnetic wave in paraxial approximation. The shape of a Gaussian

beam will remain constant during propagation, just the width and the peak intensity will

change. A perfectly Gaussian shaped beam as depicted in Fig. 2.1 is characterized by the

beam waist radius w0, the half far-field angle θ0 and the wavelength λ. The beam waist

radius is defined as the width at the 1/e2 value of the peak intensity I0. If the Gaussian

beam is assumed to propagate along the z-axis, one can obtain the beam waist radius at any

z-position:

w(z) = w0 ·
√

(

1 +
z

zR

)2

, (2.1)

with the Rayleigh length zR. The Rayleigh length is defined as the distance from the beam

waist position z0 where the waist radius has increased by a factor of
√

2, w(zR) =
√

2 ·w0.

It reads:

zR =
w2

0
· π
λ

. (2.2)
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Figure 2.1: Intensity profile and caustic of a Gaussian beam with the beam waist radius w0.

The divergence angle in the far-field can be calculated for z ≫ zR as:

θ = lim
z→∞

w(z)

z
=
w0

zR

=
λ

π · w0

. (2.3)

The beam parameter product BPP of an ideal Gaussian beam is the product of the half of

the opening angle of the beam θ0 and the beam radius w0:

BPP = θ0 · w0 =
λ

π
. (2.4)

The BPP remains constant when a laser beam propagates in free space and through media

without phase-distortions. Thus, the minimum focus of a Gaussian shaped laser beam is

physically limited by the wavelength. An ideal Gaussian beam is also called “diffraction-

limited”.

For “non-diffraction-limited” laser beams, the beam propagation factor M2 is intro-

duced. The factor M2 describes how much a real laser beam deviates from the diffraction

limit. It is defined as:

θreal · wreal = M2 · θ0 · w0, (2.5)

with θreal and wreal being the measured beam parameters. Since this is only a one di-

mensional solution and a propagating laser beam is typically treated as a two dimensional

problem, the effective two dimensional beam quality is defined as:

M4 = M2
x ·M2

y . (2.6)

For non diffraction-limited beams it is very important to have a conclusive definition of the

beam waist radius w0, since the 1/e2 method is not suitable. The ISO standard [17] defines

w0 using the second order moments of the intensity distributions. In this work all beam

quality measurements are conform with this standard.

In laser technology, the brightness B is defined as the intensity in the focus that is

emitted per unit solid angle Ω. With the intensity being the power P emitted per area A the

brightness can be calculated using this equation:

B =
P

A · Ω . (2.7)
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For the brightness BDL of a diffraction-limited laser beam in paraxial approximation fol-

lows:

BDL =
P

w2
0 · θ2

0 · π2
=
P

λ2
. (2.8)

For non diffraction-limited beams the brightness BNDL depends inversely proportional on

the beam parameter product M4:

BNDL =
P

M4 · λ2
. (2.9)

The term brilliance BR is used for the so called spectral brightness or radiance which is the

brightness per unit wavelength (or bandwidth):

BR =
P

M4 · λ2 · ∆λ. (2.10)

2.2 Fundamentals of diode lasers

2.2.1 p-n junction and p-i-n double-heterostructure

The optical gain inside the semiconductor material is provided by radiative recombination

between electrons and holes. This can be realized with a p-n junction, a p-i-n double-

heterostructure or a quantum well.

If a p-n junction is in thermal equilibrium the Fermi-energies of both materials are at the

same Fermi-level. If a biased current is injected, the Fermi levels EF,V of the valence band

and EF,C of the conduction band are split into two separate levels. The inversion necessary

for stimulated emission is reached with the presence of holes in the valence and electrons in

the conduction band in the junction. Thus, amplification of radiation with the wavelength

λ corresponding to a photon energy between the direct band gap energy EG and the energy

difference between the two Fermi-energies will occur:

EG ≤ h · c
λ
≤ EF,C − EF,V , (2.11)

whereas h is the Planck constant and c is the speed of light. Laser emission from a p-n junc-

tion was first demonstrated in 1962 [2]. Later, double-hetero and quantum well structures

were realized to achieve lower threshold current densities.

Figure 2.2: Forward-biased double-heterostructure p-i-n junction [18].
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A forward biased double-hetero p-i-n structure, where an undoped (intrinsic) semicon-

ductor with a direct band-gap is sandwiched between p- and n-doped materials with higher

band-gaps is depicted in Fig. 2.2. When a forward biased current J is injected, the quasi-

Fermi levels EF,C and EF,V in the intrinsic layer are located inside the conduction and

valence bands. Thus, inversion is present in this region and optical radiation can be ampli-

fied by stimulated emission. This structure has two more advantages compared to the p-n

junction. The charge-carriers (electrons and holes) are confined inside the intrinsic layer

because of the barriers in the conduction and the valence band. Furthermore, an optical

waveguide is realized because for most semiconductor-material systems, the material with

the low band-gap exhibits a higher refractive index compared to the surrounding highly

doped material with a higher band-gap (EG,CL).

2.2.2 Fabry-Perot diode laser

In an edge emitting diode laser, the resonator is formed between the two parallel cleaved

facets of the semiconductor chip. The index step between the semiconductor material and

air results in a reflectivity of approximately 30%. Thus, the back facet of the diode laser

is typically highly reflective coated, while the front facet remains uncoated or has to be

anti-reflection (AR) coated to reach a few percent reflectivity.

The scheme of a standard diode laser with a Fabry-Perot resonator and its typical

transversal emission characteristic is depicted in Fig. 2.3. The vertical direction (y) is

called the “fast-axis” and the lateral direction (x) is called the “slow-axis”. Typically, the

far-field emission angle in slow-axis direction is lower because the emitter is broader. The

z-direction is the light propagation direction.

Below threshold the semiconductor material will absorb a propagating wave and the

intensity will read:

I(z) = I0 exp(−α · z), (2.12)

with the initial intensity I0 and the absorption coefficient α. The optical gain at threshold is

given by gth = −α. By injecting more carriers, stimulated emission will overcompensate

the absorption losses and lasing will start.

For a Fabry-Perot resonator with two mirrors with reflectivitiesRF at the front facet and

RB at the back facet, the threshold condition will become:

gmodal = Γ · g(Jth) = αi + αm, (2.13)

Figure 2.3: Typical emission characteristic of a Fabry-Perot diode laser. The vertical axis (y) with

the higher divergence is called fast-axis. The lateral direction (x) with the smaller

divergence angle is called the slow-axis.
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with the threshold current Jth the modal gain gmodal, the internal losses αi, the mirror losses

αm and the confinement factor Γ. The mirror losses are given by:

αm =
1

2L
ln
(

1

RF ·RB

)

, (2.14)

with L being the resonator length. The confinement factor is defined as the overlap of the

optical mode with the gain:

Γ =

+h/2
∫

−h/2

J(y)dy

+∞
∫

−∞

J(y)dy
, (2.15)

whereas h is the thickness of the active region.

An important parameter for high power diode lasers is the shift of the laser threshold

current with temperature, which can be described by the following exponential relation:

Jth2 = Jth1 exp
(

T2 − T1

T0

)

, (2.16)

whereas Jth1 is the threshold current at an ambient temperature T1, Jth2 is the threshold

current at an ambient temperature T2 and T0 is a characteristic temperature. The higher

the characteristic temperature, the more stable is the operation of the diode laser at higher

ambient temperature. A typical value at an emission wavelength of 980 nm is T0 = 200 K.

The waveguide of such a Fabry-Perot diode laser can be approximated by a slab. The

amplitude of the electric-field vector E(x, y, z) of the light propagating inside a slab dielec-

tric material with a refractive index n(x, y, z) can be derived using the Helmholtz equation:

∆E(x, y, z) + k2
0n

2(x, y, z)E(x, y, z) = 0, (2.17)

with k0 = 2π/λ and λ is the wavelength of the light in vacuum.

The field distribution E(x, y) at the laser facet is the near-field distribution. The far-field

intensity pattern I(θx, θy) can be derived using the Fresnel-Kirchhoff diffraction integral.

In one dimension this reads:

I (θx) ∝ cos2 θx

∣

∣

∣

∣

∣

∣

+∞
∫

−∞

E (x) exp (ik0 sin θxx)dx

∣

∣

∣

∣

∣

∣

2

,

I (θy) ∝ cos2 θy

∣

∣

∣

∣

∣

∣

+∞
∫

−∞

E (y) exp (ik0 sin θyy)dy

∣

∣

∣

∣

∣

∣

2

. (2.18)

2.2.3 Optical confinement

Two cases of optical confinement can be distinguished as depicted in Fig. 2.4: (a) Index

guiding and (b) gain guiding.

Index guiding: In an index guiding structure a step index of the refractive index n is

realized. The optical waveguide is formed by a material with a higher refractive index

nWG that is surrounded by a cladding material with a lower refractive index nCL. Such a

step index can also be realized with air as surrounding material. Thus, index guided lateral

structures can be manufactured by etching a ridge waveguide, where the p-side cladding

and partly the waveguide layer is removed except for a ridge of a few µm width.
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(a) (b)

Figure 2.4: Optical confinement (a) index guiding and (b) gain guiding [18].

Gain guiding: In a gain guided structure, the refractive index of the material without the

presence of carriers is homogeneous. Carriers are only injected in a narrow region of the

active region through a contact stripe, while the active layer expands over the whole width

of the device. The electrical contact stripes can either be applied by etching through an

isolator layer before metalization or by ion implantation.

If the injection current is increased, the refractive index changes due to the free carrier

plasma effect and Joule heating in the active layer. The carrier induced change in the refrac-

tive index ∆nC due to the free carrier plasma effect is proportional to the injected carrier

concentration NC [19]:

∆nC =
e2

2mC · ω2 · ε0 · n
NC , (2.19)

whereas e = 1.602·10−19As is the elementary charge, mC = 9.109·10−31kg is the effective

mass of the free carriers, ω is the angular frequency of light, ε0 = 8.854 · 10−12As/V m is

the permittivity in vacuum, and n is the refractive index without the injection of carriers.

Considering a typical carrier concentration of NC = 1018 cm−3, the refractive index will

decrease on the order of 10−3. Thus, the light is not completely confined to the active layer

and is radiated to the surrounding regions, which is called the “antiguiding” effect (see next

chapter).

However, if the injection current is increased the active layer will be heated by Joule

heating. Thus, the temperature in the injection region will rise as well. This will result in a

temperature induced refractive index change ∆nT given by [19]:

∆nT ≈ 5 · 10−4 · ∆T, (2.20)

with ∆T being the increase in the temperature of the injection region in units of Kelvin.

The resulting increase in the refractive index due to Joule heating of the active layer will

result in a positive index step similar to an index guided structure.

Since both refractive index changing effects are opposed to each other, pure gain guiding

will only occur very close to the laser threshold. Strictly speaking, neither gain nor index

guiding alone are usually realized in a real-world device. However, one of the two possible

confinement mechanisms can play the major role for a specific diode laser device.

2.3 Design considerations for power scaling

Typically, the emitting area of a narrow stripe single element diode laser has a width of 3 µm

and a height of < 1 µm. At cw emission with output powers in the range of a few hundred

milliwatts this will result in power densities of 3-10 MW/cm2, which is very close to the

damage threshold of the semiconductor material and coatings. Furthermore, absorption at
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the diode laser facets can occur. The absorption can cause heating of the device that might

lead to catastrophic optical mirror damage, which is still one of the main issues limiting the

output powers achievable with high power diode lasers [20].

Several solutions to overcome facet damage exist, but the most crucial aspect for diode

laser degradation and device failure remains the power density at the facet [21]. The in-

crease of the emitting area is one way to reduce the power density at the facet and to achieve

more output power from a single element diode laser.

2.3.1 Vertical layer design

Today, high power semiconductor lasers feature a thin quantum well with a few nanometers

thickness (typical values are 7-15 nm) surrounded by a material with a higher band-gap.

The band-gap difference has to be larger than 100 meV to avoid carrier leakage. The use

of a thin quantum well has the advantage that only a small region is pumped. Furthermore,

the emission wavelength can be adjusted by using strained compositions with a moderate

lattice mismatch between waveguide and quantum well.

Depending on the strain of the quantum well, the diode laser emission will be polarized

in different axes. For tensile strain the emission will be polarized in the transverse-magnetic

(TM) direction, meaning that the magnetic component of the electromagnetic field will

oscillate in fast-axis direction. Transverse-electric (TE) polarization, where the electric

component of the field oscillates in slow-axis direction, will be present if compressively

strained structures are used. In the near infrared wavelength region ranging from 880 nm to

1150 nm, compressively strained indium gallium arsenide (InGaAs) quantum wells embed-

ded in an aluminum gallium arsenide (AlGaAs) waveguide layer are used. All diode laser

chips investigated in this work are InGaAs quantum well structures.

A way to minimize the facet load and to reduce the far-field angle is to enlarge the

emitting area in vertical direction. So called large optical cavities [22], super large op-

tical cavities [23] and asymmetric super large optical cavities [24] have been fabricated

with waveguide thicknesses of up to 8.5 µm [25]. Although the waveguide is multimode

in principle, only the fundamental mode will be amplified because higher modes are sup-

Figure 2.5: Epitaxial layer structure of the stripe-array with a large optical cavity.
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pressed due to higher losses. This can be achieved by carefully adjusting the cladding layer

thickness.

Figure 2.5 shows the vertical layer design of the stripe-array used in this work with a

large optical cavity structure. The active region consists of a single InGaAs quantum well

embedded in a 880 nm thick AlGaAs core region. The quantum well is 7 nm thick with an

indium content of 20%. The optical waveguide is formed by 1 µm thick AlGaAs claddings

with 40% Al. The GaAs cap layer is heavily p-doped (6·1019 cm−3) in order to reduce the

contact resistance [22].

2.3.2 Lateral chip design

Another approach to achieve higher output powers from a single diode laser element with-

out damaging the semiconductor material or the facets, is extending the device in lateral

direction. The three most widespread lateral chip designs for diode lasers are depicted

schematically in Fig. 2.6.

Figure 2.6: Sketch of the lateral structure of (a) a narrow stripe diode laser, (b) a broad area diode

laser and (c) a tapered diode laser.

Narrow stripe diode lasers: Narrow stripe single emitter diode lasers typically emit a

nearly diffraction-limited beam in both directions. A schematic drawing of such a device

along the slow-axis is depicted in Fig. 2.6 (a). This results in a circular, nearly Gaus-

sian intensity distribution and low astigmatism. Nowadays, narrow stripe diode lasers are

mostly realized by index guiding. Such ridge waveguide diode laser have widths between

3 and 5µm and are capable of delivering several hundred milliwatts of diffraction-limited

light with low ellipticity and astigmatism. Recently, a ridge waveguide diode laser with a

4.8 µm thick vertical asymmetric super large optical cavity structure and a 5 µm wide ridge

was demonstrated. This device was capable to produce nearly diffraction-limited emission

(M2 < 1.3 in both axes) with optical output powers of 1.5 W at an emission wavelength of

980 nm [26].

Broad area (BA) diode lasers: BA diode lasers are broadened in the lateral direction,

as depicted in Fig. 2.6 (b). Typically, BA diode lasers have widths between 50µm and

1000µm. Output powers of more than 15 W in combination with high reliability have be-

come feasible with emitters in the 100µm range [4]. Most commonly, in fast-axis direction

a narrow waveguide (≈ 1 − 3µm) is realized by index-guiding. Thus, in fast-axis direc-

tion a near diffraction-limited beam with a far-field angle in the range of ≈ 30◦ is emitted.

This makes aspherical cylindrical lenses with high numerical apertures of up to NA = 0.8

necessary. Such a lens is called fast-axis collimator (FAC).
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The far-field distribution of the emission along the slow-axis consists of the superpo-

sition of the several transversal modes that can arise because of the broadened waveguide.

The emission angle of ≈ 12◦ is significantly smaller than in fast-axis direction. Thus, the

resulting beam profile emitted by a standard BA diode laser shows a strong ellipticity and

astigmatism. The enlargement of the emitter has a severe impact on the lateral beam quality.

For example, the beam propagation factor of a 100 µm emitter is in the range of M2
x ≈ 30

(M2
x ≈ 60 for a 400 µm wide emitter). Although single element BA devices with stripe

widths up to 1000µm have been reported [27], the output powers could not be improved

significantly. Rather, a strong filamentation that results in a non homogeneous intensity

distribution at the diode laser facet was observed. Because of these “hot spots”, the on-

set of catastrophic optical mirror damage does not scale linearly with the emitter width.

Furthermore, the filamentation is a reason that the slow-axis far-field of a BA diode laser

does not have the highest intensity along the optical axis. Rather, a double lobe emission

with two high intensity peaks “off-axis” was observed. Nonlinear and chaotic behavior like

self-pulsation and self-focusing are other possible consequences of the beam filamentation

[28, 29].

Tapered diode lasers: To overcome the drawbacks of the BA devices and realize high

output powers without damaging of the facet, tapered amplifiers and tapered diode lasers

have been suggested [30, 31].

Today, a tapered diode laser typically consists of an index-guided ridge waveguide and

a gain-guided tapered amplifier section. This is schematically drawn in Fig. 2.6 (c). To

avoid leakage of stray light from the taper into the ridge section, additional grooves can be

etched as reflectors. Typical values for the tapered angle are 4 – 6◦. The tapered section is

typically 2 – 4 mm, the ridge section 0.3 – 1 mm long resulting in overall chip lengths of

2.5 – 6 mm.

The ratio between the length of the ridge and taper section is a critical parameter and

has a severe impact on the lateral beam quality as well as the achievable output power. If

the ridge section is too short, the spatial mode filtering of the oscillator is insufficient and

the beam propagation factor of the whole device will become low. Furthermore, a short

ridge will be more sensitive to optical feedback from the tapered section. At high injection

currents saturation effects caused by an overload of the ridge section are observed.

On the other hand, a long ridge waveguide section can have too much power oscillating.

This can induce self-focusing, filamentation and self-pulsation into the tapered region, espe-

cially at higher injection currents. These drawbacks can be avoided by separately contacting

ridge and taper section. The disadvantage of this method is the increased heat conductivity,

because the laser chips must be mounted p-side up on the heat sink to make the p-contacts

separately accessible. However, with such p-side up mounted tapered devices emission

with optical output powers of more than 6 W possessing a good beam quality (M2
x ≈ 2) and

showing narrow vertical and lateral far-field angles have been demonstrated [32].

Diode laser arrays

Besides increasing the emitter size, it is possible to arrange several emitters in a row to

achieve power scaling as shown in Fig. 2.7. This was done with all three lateral diode lasers

designs described above.

One can distinguish between arrays of uncoupled and coupled emitters, which mainly

depends on the distance between the emitters. Most commonly, BA diode lasers are ar-
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ranged in so called laser bars, where the emitters are not coupled as indicated in Fig. 2.7 (a).

However, uncoupled arrays of narrow stripe and tapered diode laser have been manufac-

tured and studied in the past, too.

If the emitters are manufactured very close to each other, as shown in Fig. 2.7 (b),

coupling between the emitters of an array can occur. In this case, the array emission is

characterized by an array “supermode” rather than the mode of an individual emitter.

Since the major part of this thesis is dedicated to the investigation of such coupled stripe-

array diode lasers, a more detailed theoretical description of these devices can be found in

the next chapter 3.

Figure 2.7: Diode laser arrays with (a) laser bar with uncoupled emitters and (b) stripe-array with

coupled emitters.

2.4 Approaches to achieve narrow bandwidth emission

For nonlinear frequency conversion the pump light source has to meet the requirements

for phase-matching. Therefore, a small bandwidth of emission and a high stability of the

emission wavelength are necessary.

The fundamental limit for the laser linewidth resulting from the quantum noise was

calculated by Schawlow and Townes even before the first laser was demonstrated. They

introduced the Schawlow-Townes laser linewidth ∆νlaser. For semiconductor lasers, this

linewidth is increased by a factor of (1 + α2
H), whereas αH is the alpha or Henry - factor

[33]. The Schawlow-Townes-Henry linewidth then reads:

∆νdiode =
π · hν (∆νC)2

P

(

1 + α2
)

, (2.21)

with the photon energy hν, the laser output power P and the cavity bandwidth ∆νC .

But, because of the broad spectral gain of the semiconductor material and the insuffi-

cient wavelength selectivity of the Fabry-Perot resonator, edge emitting diode lasers will

typically show longitudinal multimode operation. The emission of such a device shows a

spectral width of a few nanometers, far above the theoretical limits. Several approaches

to realize frequency stabilization and a reduction of the bandwidth of diode laser emission

exist. One can distinguish between the two main approaches: the use of external cavities

that contain wavelength selective elements or integrating wavelength selective regions to

the laser chip itself.
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2.4.1 External cavity diode lasers

By building an external cavity with beam shaping optics and wavelength selective elements,

it is possible to take influence on the longitudinal and transversal emission behavior of a

diode laser. In most cases the external cavity is formed between one facet of the diode laser

and a reflective element like an external mirror or a diffraction grating. Those devices are

called external cavity diode lasers (ECDLs). To suppress the chips own longitudinal and

transversal modes the other facet has to be typically highly AR coated.

Reflective diffraction gratings are used as frequency selective elements for the external

stabilization of diode lasers. Most commonly, Littrow or Littman Metcalf type ECDLs are

realized. The grating equation for the general case is given by m · λ = dG · (sinα± sin β),
with the groove distance dG wavelength λ, the incident angle α, the diffraction angle β and

the diffraction order m. For the Littrow configuration, the incident angle and the angle of

the first order of diffraction are the same resulting in the following condition:

sinαL = λ/dG · 2, (2.22)

with the Littrow angle αL.

The classic Littrow setup consisting of a diode laser with an AR-coated front facet and a

HR coated back facet, a collimation lens and a diffraction grating is depicted in Fig. 2.8 (a).

The first order of diffraction of the grating is reflected back onto itself and outcoupling is

managed via the zero order of diffraction. By tilting the grating the emission wavelength of

the diode laser can be tuned. A practical description of such an ECDL is given by Ricci et

al. [34].

(a) (b)

Figure 2.8: Littrow type external cavity diode lasers with reflective diffraction gratings, (a) standard

and (b) rear setup.

The main disadvantage of the Littrow configuration is the beam displacement when the

diode laser wavelength is tuned by tilting the grating. This lateral shift can be compensated

by using an additional mirror parallel to the grating [35] or a triangular prism [36]. More-

over, a rear Littrow configuration as depicted in Fig. 2.8 (b) can be used. In this scheme, a

Figure 2.9: Littmann type external cavity diode lasers with a reflective diffraction gratings.
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diode laser with a highly AR-coated back facet and a partly AR-coated front facet is used.

The resonator is formed between the grating and the front facet of the diode laser.

The Littman-Metcalf setup is depicted in Fig. 2.9. The grating is fixed and the first

order of diffraction is directed to a movable mirror where it is reflected back to the diode

laser [37, 38]. Outcoupling is managed via the zeroth order of diffraction and the emission

wavelength can be tuned by rotating the mirror. Although the Littman-Metcalf configura-

tion has the higher wavelength selectivity because the grating diffracts the light twice per

resonator roundtrip, the Littrow setup tends to show the smaller bandwidths in practice. The

laser bandwidth of an ECDL system is mainly influenced by electronic and acoustic noise

or mechanical vibrations. The simpler and more robust Littrow setup is less susceptible to

those external influences.

2.4.2 Distributed feedback diode lasers

Besides the use of external gratings it is possible to achieve wavelength stabilization and

tunability by monolithically integrated spectral filters directly to the diode laser chip. This

is done by implementing an on chip Bragg grating close to the active region in order to

stabilize and spectrally narrow the diode laser emission. The Bragg grating period ΛBragg

is given by the grating order m, the refractive index n and the emission wavelength λ:

ΛBragg =
m · λ
2 · n .

In a distributed feedback (DFB) diode laser, the corrugated grating spans the whole length

of the device. A DFB ridge waveguide diode laser is schematically depicted in Fig. 2.10 (a)

[39, 40]. To suppress the Fabry-Perot modes of the laser chip, the front facet is AR-coated.

Due to the long grating, spanning the whole width of the device, instabilities and mode hops

are avoided. Furthermore, no separated contacts are necessary and the chip can be mounted

p-side down for better heat removal. However, the grating of a DFB diode laser has to be

buried to realize electrical contacting of the diode laser. Such a buried grating is depicted

in Fig. 2.10 (b). Ridge waveguide DFB diode lasers can deliver several hundreds of mW

of diffraction-limited output power with bandwidths in the MHz regime and side-mode

suppression ratios exceeding 50 dB. In a recent work, more than 500 mW at a wavelength

of 980 nm have been demonstrated [41].

(a) (b)

Figure 2.10: (a) Schematic drawing of a DFB diode laser. (b) On chip buried grating of a DFB diode

laser. Right picture copyrighted by FBH 1. Reprinted with the friendly permission of

K. Paschke

1Ferdinand Braun Institut für Höchstfrequenztechnik, www.fbh-berlin.de



Chapter 3

Theoretical description and modeling of

coupled diode laser arrays

The main part of this thesis is dedicated to the investigation of stripe-array diode lasers.

Stripe-arrays are laterally coupled narrow stripe lasers with a resulting emitter width that

is comparable to a BA diode laser. In subsection 2.3.2 a brief discussion of the most com-

monly used lateral chip designs, including BA diode lasers and arrays, was given. In this

chapter, a more detailed phenomenological and theoretical description of coupled arrays in

general, and gain guided stripe-arrays in particular, will be presented. Coupled stripe-arrays

tend to operate in a global mode, the so called supermode. Two models are used to illustrate

the array supermodes and the mechanisms for the coupling are described. Furthermore, nu-

merical simulations of the stripe-array diode laser have been performed.

Coupled stripe-array diode lasers and amplifiers: The stripe-arrays used in this work

were manufactured by M2K LASER GMBH. A scheme is depicted in Fig. 3.1. If the front

facet is AR-coated, the term amplifier will be used. For non AR-coated devices, the term

diode lasers is used. The lateral stripe-array substructure was realized by a patterned elec-

trode in slow-axis direction. The emitter had a width of 400 µm, several contact stripes

Figure 3.1: Schematic drawing of a gain guided stripe-array amplifier. In lateral direction (slow-

axis) a stripe-array is realized by a patterned electrode. The current is injected through

small stripes with a width of 4 µm and a pitch of 10 µm. The emitter width was 400 µm.

In direction of the fast-axis index guiding is realized with a 0.88 µm waveguide.
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each with a width of 4 µm and a pitch of d = 10 µm were realized by etching trenches

with a depth of 200 nm into the p-doped cap layer before metalization. Only one additional

fabrication step is necessary compared to a standard BA structure.

The active region featured a 7 nm thick InGaAs quantum well and a waveguide with a

height of 0.88 µm and spanned the whole width of the device. A description of this large

optical cavity layer structure can be found in subsection 2.3.1. With a similar epitaxial layer

structure and a standard BA diode laser with a width of 80 µm and a length of 2 mm cw

output powers of up to 7 W have been reported [42].

3.1 Array design considerations and brightness scaling

Instead of simply broadening the area of emission as in a BA diode laser, scaling of the

output power can be realized by arranging several emitters in a row. The far-field emission

of such an array of individual emitters can be described as the superposition of individual

beams emitted from each of the emitters. Depending on the phase relationship between

neighboring emitters constructive or destructive interference will occur under a specific

far-field angle. This can be calculated for a given number of emitters N , the emission

wavelength λ (equal for all emitters) and the phase difference between adjacent emitters.

Concerning the temporal coherence of the array emission three cases can be distinguished:

• Coherent, single-longitudinal mode operation: all emitters of the array will oscil-

late at the same wavelength and the array will have a bandwidth ∆λ following the

Schawlow-Townes-Henry linewidth (equation 2.21)

• Quasi single-longitudinal mode operation: each emitter of the array will operate

single-longitudinal mode but not all emitters will operate at the same wavelength

• Incoherent, broadband operation: the array emission will be longitudinal multi-mode

without temporal coherence between the emitters

For simplicity, only the first case of temporal coherent single-longitudinal mode operation

of the array will be discussed in this section.

Furthermore, two cases concerning the spatial coherence of the array emitters can be dis-

tinguished:

• Arbitrary phase relationship between the emitters of an array

• Fixed phase relationship between the emitters of an array

If there exits an arbitrary phase relationship between the fields of the individual emitters at

the front facet of the array, no stable far-field distribution will be achieved. The power P of

the array will scale linearly with the number of emitters N and the far-field angle θ will be

independent from the number of emitters in this case [43]:

θ =
λ

w
, (3.1)

whereas w is the width of an individual emitter. The brightness B will remain constant,

independently from the numbers of emitters N of such an incoherent array. Devices where
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this kind of operation is present are mostly arrays of BA diode lasers arranged in so called

laser bars. Each emitter has a Fabry Perot cavity without wavelength stabilization and the

spacing between the emitters is too large to achieve a coupling between the fields.

If the individual emitters of an array are realized with close proximity, the fields of

neighboring emitters can couple with each other [44]. The far-field distribution of such an

array with temporal coherent emission and a fixed phase relationship between the emitters

can be described as a diffraction grating with N slits. Considering all emitters of an array

being perfectly phase-coupled and the phase difference between all emitters being zero, the

far-field distribution in lateral direction (x) will show a dominant single lobed output beam

along the optical axis. This single lobe will have a far-field divergence of

θ ≈ λ

N · d, (3.2)

where d is the distance between the emitters. Thus, the brightness of such a coherently

phase-coupled diode laser array will scale with the number of emitters N . This kind of

on-axis spatial coherent coupling with fixed phase relationship between the emitters of the

array is very challenging.

However, it was experimentally observed that stripe-arrays tend to operate in the out-

of-phase mode and show the same double lobed lateral far-field as the standard BA devices.

The physical reasons for this behavior will be discussed briefly in the next sections. For

further reading, the textbooks by Carlson [43] and Botez [44] are recommended.

3.1.1 Coupling mechanisms

Depending on whether gain guiding or index guiding is realized to achieve optical confine-

ment, the two coupling mechanisms can be distinguished:

• Index guiding (strong optical confinement): Evanescent field coupling

• Gain guiding (weak optical confinement): Leaky wave coupling

These two coupling mechanisms are schematically depicted in Fig. 3.2.

(a) (b)

Figure 3.2: Coupling mechanisms for the coupling of an array. (a) Evanescent field coupling (b)

Leaky wave coupling [44, 45].
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Evanescent-field coupling: If two step index waveguides (each having strong optical

confinement) are close together, the fields of the individual waves can overlap in the out-

ermost regions (Fig. 3.2 (a)). In this case, the overlap depends on the distance between

the waveguides. The overlap will result in a coupling between the fields of neighboring

array emitters and is called evanescent field coupling. Since the evanescent wave can only

influence the next adjacent stripe it is also called serial coupling.

The strength of the coupling between two neighboring fields is given by the coupling

coefficient κ, which can be derived by the overlap integral [46]:

κ = ωε0

∫

∞
∫

−∞

∆ε (x, y)E(1)(x, y)E(2)∗(x, y)dxdy, (3.3)

whereas ∆ε describes the influence of the second wave on the undisturbed wave E(1) in

the first waveguide, while E
(2) is the undisturbed wave in the second waveguide.

Leaky wave coupling: Gain guided emitters have a low optical confinement and there-

fore, leaky waves can occur. The main difference to evanescent wave coupling is that leaky

waves can propagate, while the evanescent waves decay exponentially (see Fig. 3.2). Thus,

coupling can be realized even when the emitters are manufactured at a larger distance. Fur-

thermore, a strong global coupling between the emitters can be achieved because not only

next neighboring stripes are coupled. Therefore, this coupling scheme is also called parallel

coupling.

Guiding and antiguiding: Both coupling mechanisms are present in a gain guided stripe-

array diode laser since the injection of carriers will change the refractive index and the

temperature in the pumped regions (subsection 2.2.3). Figure 3.3 shows the two possible

guiding mechanisms that characterize such a gain-guided array.

Near threshold, the injection of carriers will lead to a decrease of the refractive index

in the pumped regions. This will result in a negative index step, whereas the wave will

be guided rather in the unpumped regions. This is called antiguiding and is depicted in

Fig. 3.3 (b). Since the wave is only confined due to the presence of carriers, this will result

in a strong leaky wave coupling. If the temperature in the pumped regions of the junction

increases by Joule heating, this will cause an increase of the refractive index. Thus, at

higher injection currents a gain guided array should act similar to an array of diode lasers

with a positive index step, which is referred to be positive guiding (Figure 3.3 (a)).

Figure 3.3: (a) Positive guiding with evanescent wave coupling and (b) antiguiding with leaky wave

coupling [44, 45].
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3.1.2 Array supermodes and off-axis emission

Usually, the coupling between adjacent emitters results in a global coupling of all emitters.

Thus, the array will operate in a so called supermode that characterizes the emission of all

coupled emitters. Several models for the calculation of the field distributions of globally

coupled diode laser arrays exist. For a better understanding of the so called array super-

modes, two of these models will be shown here to describe the tendency of the arrays to

emit a double lobed far-field. A fully dynamic traveling wave model and numerical results

for the actual stripe-array diode laser will be presented in the next section 3.2.

Diffraction model: In a simple model, the emitters of an array can be approximated by

a grating with N representing the number of emitters of the array. In this case, the far-

field distribution I (θx) of the array derived from the Fresnel-integral (equation 2.18) can

be written as [47]:

I (θx) = |E (θx)|2 · A (θx) , (3.4)

with the far-field amplitude E(θx) and the function A (θx) representing the array and the

interference between the coupled emitters of the array. In the case of the simple diffraction

model, this will read:

A (θx) = A (u) =
sin2

(

N ·u
2

)

sin2
(

u
2

) , (3.5)

whereas u = k0 · d · sin θx with d being the pitch of the emitters. This represents a grating

with N emitters as mentioned above.

Depending on the phase relationship between the emitters, constructive or destructive

interference at certain far-field angles will be present. This can be expressed by introducing

a phase shift term ∆φ:

A (u) =
sin2

[

N
2

(u+ ∆φ)
]

sin2
(

u+∆φ
2

) . (3.6)

If a strict out-of-phase or an in-phase oscillation between neighboring emitters is as-

sumed, the phase difference between adjacent emitters is morder · π. Here, morder is the

diffraction order giving in-phase oscillation for even numbers and out-of-phase oscillation

for odd numbers. The angle of constructive interference can be calculated by:

sinα =
morder · λ

2 · d . (3.7)

The case of out-of-phase oscillation is schematically shown in Fig. 3.4.

Figure 3.4: Simplified illustration of the lowest order out-of-phase mode of the emission of adjacent

stripes following the diffraction model.

Figure 3.5 shows the calculated far-field distributions for (a) the lowest order in-phase

mode (mmode = 0 and ∆φ= 0) and (b) the lowest order out-of-phase mode with a phase
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Figure 3.5: Calculated far-field distribution using the simple diffraction model for a diode laser

array with N = 40 emitter, an emitter width of 4 µm and a wavelength of λ = 976 nm

following the simple diffraction model [43, 44]. The two cases of (a) a phase difference

of ∆φ = 0 representing the lowest order in-phase mode and (b) a phase difference of

∆φ = π between adjacent emitters, representing the lowest order out-of-phase mode are

depicted.

relationship of ∆φ= π. An emitter number of N = 40, a wavelength of λ = 976 nm and

a pitch of d = 10 µm have been used. The in-phase mode represents the case of perfect

coherent coupling between the emitters of an array. The resulting far-field shows a nearly

single lobed intensity distribution in direction of the optical axis (on-axis). For the lowest

order out-of-phase mode, the far-field shows a pronounced off-axis double lobed emission.

The angle between one of the lobes and the optical axis is called the off-axis angle and was

calculated to be αoa = 48.8 mrad (≈ 2.8◦) for λ = 976.0 nm.

Coupled mode theory: In the coupled mode theory, the electric field distribution of the

array can be described as a superposition of the fields of N individual emitters [48]:

ψArray(x, y, z) =
N
∑

m=1

Cm(z)ψm(x, y, z), (3.8)

with Cm(z) being the complex coefficient that determines the amplitude and phase of the

individual emitter. Since this coefficient has only a weak z dependence, the waveform

ψm(x, y, z) of the m− th array, with m = 1, 2, ..., N can be written in separate form:

ψm(x, y, z) = um(x)vm(y)e−γz, (3.9)

with the lateral component um(x) and the vertical component vm(y) and γ being the com-

plex two-dimensional propagation constant. By assuming just a coupling between the next

neighboring emitters and a uniform coupling constant over the whole array, the following

analytical solution for the array-modes ψL(x, y, z) can be obtained for L = 1, 2, · · · , N.
[47]:

ψL(x, y, z) =
N
∑

m=1

sin(m · θL)um(x)vm(y)e−(γ+γL)z, (3.10)

with ∂γL =
(

−k2
0 ·c

γ

)

· cos (θL), k0 = 2·π
λ

and θL = L·π
(N+1)

. Whereas ∂γL are the eigenvalues

of the L− th mode [48].

A result of the coupled mode theory is, that the array can be operated in a number of N
array modes with the mode order L = 1, 2, ..., N , whereasN is the number of emitters. The
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array mode with L = 1 corresponds to the (lowest order) in-phase mode and the array mode

with L = N is the (lowest order) out-of-phase mode. However, the array can (in principle)

operate in any mode in between these two cases. The array function from equation 3.5 will

then become:

AL (u) =
sin2

[

(N+1)
2

(u+ θL)
]

[

sin2
(

u
2

)

− sin2
(

θL

2

)]2 , (3.11)

with θL = L · π (N + 1).
The near-field distributions for four of the allowed eight modes of a diode laser array

with N = 8 emitters are depicted in Fig. 3.6. The position of the emitters are indicated by

gray vertical bars in the graphs.

(a) (b)

(c) (d)

Figure 3.6: Near-field distributions for a diode laser array with N = 8 emitter. The four modes L= 1

(a) , L = 2 (b) , L = 3 (c) and L=8 (d) are depicted.

The near-field of the lowest order in-phase mode (L = 1, Fig. 3.6 (a)) has field strength

between the emitters, where no gain is available. Thus, this mode will experience high

losses since the field between the emitters will be absorbed. The near-field distribution of

the lowest order out-of-phase mode (L = 8, Fig. 3.6 (d)) shows that this mode has no field

strength in the unpumped regions. Thus, this mode will have the lowest losses compared to

the other modes, especially the lowest order in-phase mode. As a rule of thumb, the higher

the mode, the lower the losses also for the “in between” modes.

However, the far-field distribution of the higher order modes will have multiple peaks.

For the two cases of L = 1 with a (nearly) single lobed far-field and L = 8 with a pro-

nounced double-lobed far-field, the coupled mode theory and the diffraction model show

similar results (please refer to Fig. 3.5). The full derivation of the equations presented here

and a comparison between diffraction theory and coupled mode theory can be found in

[47, 48].
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3.2 Mathematical modeling

To predict the behavior of the stripe-array amplifier in an external cavity, numerical mod-

eling of the actual device was performed assuming a stripe-array diode laser (without AR-

coated front facet).

3.2.1 Traveling wave model

Self consistent modeling of diode laser arrays can be performed by using the traveling wave

equation assuming a slab waveguide architecture. The model described here was used for

the numerical simulation of distributed feedback tapered diode lasers and is described in

more detail in [49]. A similar model was used for the simulation of a two-stripe diode laser

array [50]. The model is based on the Maxwell‘s wave equation for the electric field E with

the appropriate material equations for the polarization P and the carrier density NC . The

wave equation reads:
(

∇2 − 1

c2
∂2

∂t2

)

E(r, t) =
1

ε0c2
∂2

∂t2
P(r, t), (3.12)

with the speed of light c = c0/n and the vacuum permittivity ε0.

In a semiconductor laser slab waveguide with z being the propagation direction of the

optical field, assuming the field and the polarization to be linearly polarized perpendicular

to the z-axis. Furthermore, the paraxial ray approximation can be made assuming slowly

varying counterpropagating optical fields E±:

E(x, z, t) =
(

E+(x, z, t)e−in̄k0z + E−(x, z, t)ein̄k0z
)

eiω0t + cc.. (3.13)

In the model, the complex slowly varying amplitudes E± of the forward and backward

traveling optical fields 3.14 are coupled to an ordinary differential equation 3.15 for the

complex slowly varying amplitudes p± of the induced polarization:

ng

c0

∂

∂t
E± = −iDp

∂2

∂x2
E± +

(

∓ ∂

∂z
− iβ

)

E± − g

2

(

E± − p±
)

+ F±

sp (3.14)

∂

∂t
p± = γ

(

E± − p±
)

+ iωp± (3.15)

whereas Dp = (2k0n)−1.

Equation 3.14 can be derived from the scalar wave equation by using a slowly varying

forward and backward rotating wave Ansatz, paraxial approximation and the effective index

method [51]. Equation 3.15 is a time domain description of a Lorentzian gain dispersion

profile [52].

The real excess carrier density NC is described by a parabolic diffusion equation that

follows from a standard carrier transport equation:

∂

∂t
NC = DN

∂2

∂x2
NC + Λ(x) −R(NC)

− c0
ng

Re
∑

ν=±

Eν∗[g(NC , E)Eν− g(Eν−pν)] , (3.16)

whereas Λ(x) is the transversely dependent pump term represented by:






(J/q) · h , xi − 1
2
w ≤ x ≥ xi + 1

2
w

0 , elsewhere
,
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where q is the electron charge and xi is the center of the ith stripe with the stripe width w.

The boundary conditions for the reflection at both facets of the laser at z = 0 and z = l
reads:







E+(t, x, 0) =
√

R0(x)e
iϕ0(x)E−(t, x, 0)

E−(t, x, l) =
√

Rl(x)e
iϕl(x)E+(t, x, l)

.

Here, t ∈ R denotes time, z ∈ [0, l] corresponds to the longitudinal propagation direction,

with the chip length l and x ∈ R is the lateral space dimension.

The complex propagation parameter β used in equation 3.14 is given by:

β = δ0(x, z) + δΣ(x, z,NC , J) + i
g(x, z,NC , E) − α(x, z)

2
,

δΣ(x, z,NC , J) = δn(x, z,NC) + δT (x, z),

with the peak gain g, that depends on the carrier inversion NC = NC(t, x, z) within the

active zone.

The factor δ0(x, z) is a built-in variation of the dielectric function, independent of NC

and the temperature, whereas δn and δT introduce the dependence of the effective refractive

index on NC and the temperature, respectively.

The following models for g and δn were used:

g = g(x, z,NC , E) = g′(x, z)
ln (NC(t, x, z)/Ntr)

1 + ǫ‖E‖2
,

δn(x, z,NC) = −k0

√

n′(x, z)NC(t, x, z).

The function J(x, z) denotes the injection current density, so that the injection is given by:

Jinj =
∫∫

J(x, z)dxdz.

A linear nonlocal dependence on the inhomogeneous current injection J(x, z) is used to

model heating of the device:

δT (x, z) =
k0ng

λ0

∫∫

cT (x, z, x̃, z̃)J(x̃, z̃)dx̃dz̃, (3.17)

with the thermal coefficient cT that describes local and nonlocal crosstalk thermal effects.

The parameters g, λ = − λ0

k0c0
ω, and Γ = 2 λ0

k0c0
γ, denoting the amplitude, the peak

wavelength detuning with respect to λ0, and the full width at the half maximum of the

Lorentzian approximating the gain profile can be also dependent on the instantaneous in-

version NC(t, x, z) and the injection current induced heating.

The variation of the gain profiles with changing NC were neglected in this model, but a

thermal shift of the gain peak wavelength λ was assumed:

λ(x, z) = λ0(x, z) +
∫∫

νT (x, z, x̃, z̃)J(x̃, z̃)dx̃dz̃.

The rate of nonradiative and spontaneous radiative recombination is given by

R(NC) = A(x, z)NC +B(x, z)N2
C + C(x, z)N3

C (3.18)
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Table 3.1: Parameters used in simulations

Symbol Description Unit Value

n reference refractive index 3.27
ng group refractive index 3.66
λ0 central wavelength m 976.0 · 10−9

g Lorentzian gain amplitude m−1 10000
Γ Lorentzian width at half max. m 95 · 10−9

λ gain peak detuning @ J = 0 m 0
g′(x, z) differential gain

(x, z) ∈ stripe m−1 5000
(x, z) ∈ elswhere m−1 0

α(x, z) internal absorption m−1 100
R0 rear facet intensity reflectivity 0.9
ϕ0 rear facet phase reflectivity 1 · π
Rl front facet intensity reflectivity 0.03
ϕl front facet phase reflectivity 0 · π
Ntr transparency carrier density m−3 1 · 1024

ǫ nonlinear gain compression m3 0
n′ differential index m3 5 · 10−31

DN carrier diffusion coefficient m2s−1 20 · 10−4

l length of the chip m 1.5 · 10−3

wstripe contact stripe width m 4 · 10−6

h thickness of active region m 7 · 10−9

A recomb. parameter Eq. (3.18) s−1 3 · 108

B recomb. parameter Eq. (3.18) m3s−1 1.8 · 10−16

C recomb. parameter Eq. (3.18) m6s−1 3 · 10−42

cT thermal coeff. cT (x, z, x̃, z̃)
(x, z), (x̃, z̃) ∈ stripe A−1m 0.75 · 10−9

elsewhere A−1m 0
νT thermal coeff. νT (x, z, x̃, z̃)

(x, z), (x̃, z̃) ∈ stripe A−1m 2.7 · 10−9

elsewhere A−1m 0

and the last expression in 3.16 is the rate of stimulated recombination, which takes into

account the contribution from the polarization model 3.15.

Finally, the stochastic term F±

sp in 3.14 represents the contribution of spontaneous emis-

sion to the optical field. It is modeled similarly as described in [53].

All other coefficients, with the exception of k0 = 2π
λ0

, ng, n̄ and DN , are allowed to

be spatially nonhomogeneous and discontinuous, depending on the heterostructural laser

geometry. The values and their explanation are given in Table 3.1.
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3.2.2 Numerical method and results: stripe-array diode laser

The numerical modeling was performed at the WIAS1 by Mindaugas Radziunas and Mark

Lichtner, since the computing capability of a standard PC is not sufficiently fast for this kind

of dynamic 2+1D modeling with an appropriate resolution. The corresponding software

tool was written by Mark Lichtner.

The numerical method was similar to that described in [54], where a splitting scheme

was used to solve the equations 3.14-3.16. Fast Fourier transform was used to derive the

lateral optical diffraction and carrier diffusion along the x direction. The remaining coupled

hyperbolic system in equation 3.14 was integrated along characteristics using finite differ-

ences. For numerical stability it was crucial to resolve the stiff equation 3.15 adequately.

An exponentially weighted scheme with forward values for E± was used. This scheme

ensures, that in the limit for γ → ∞ the discretized solutions for p converged to E.

The resolution of the coupling of the array emitters required a sufficiently fine lateral

space discretization. Similarly, a proper propagation of the fast oscillating modes along

the characteristics, as well as the resolution of a sufficiently large optical frequency range,

requires a fine time- and longitudinal space discretization. A uniform spatial grid with the

steps of ∆x = 0.666µm, ∆z = 5µm, resulting in a time step of ∼ 0.061ps was used. This

spatial grid has 210000 nodes, yielding 1.89 million real unknown variables.

The large scale system of equations was solved using multilevel parallel distributed

computing (MPI+Multithreading), that allowed to run long time dynamic simulations over

large parameter ranges, corresponding to simulation times of more than 3000ns on a blade

cluster of 64 quad core Intel Xeon5430 processors interconnected via infiniband (HP

CP3000BL 32xHP BL460c) in only one day [55]. Comparable computations on a single

PC system take nearly 100 times longer.

Figure 3.7: Carrier distribution used for the modeling of the stripe-array diode laser. (With the

permission of M. Radziunas)

The carrier distribution for the 40 stripe-array used for the modeling is depicted in

Fig. 3.7. The calculated near-field intensity distribution is depicted in Fig. 3.8 (a). The

fields of the 40 emitters can be resolved. However, the intensity distribution is not homoge-

1Weierstrass Institute for Applied Analysis and Stochastics, www.wias-berlin.de
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neous. Rather, an envelope with a nod in the middle is observed. This indicates the presence

of a mode with a number slightly of the out-of-phase mode (e.g L = 39).

Figure 3.8 (b) shows the calculated far-field intensity distribution of the stripe-array

diode laser. Two main peaks at far-field angles of αoa = ±2.8◦ are observed, corresponding

to the mode number L = 40 for λ = 976.0 nm. The intensity of both peaks is slightly

asymmetric. Furthermore, side lobes in between the two main peaks are present. The angle

of the far-field distribution of these two inner peaks is αoa = ±2.5◦ corresponding to the

mode number L = 36 for λ = 976.0 nm. An explanation for the non-perfect out-of-

phase coupling between the emitters of the free running array is the lack of wavelength

stabilization or selectivity.
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Figure 3.8: Calculated (a) near-field intensity distribution and (b) far-field intensity distribution of

the free running stripe-array diode laser.

3.3 Summary

In this chapter, a phenomenological and theoretical description of coupled diode laser arrays

was given. With the diffraction model, an intuitive picture of the array can be given if

the emitter are coupled in-phase and out-of-phase. Furthermore, near-field distributions

following the coupled mode theory have been calculated to illustrate the different array

modes. Both models can be used to explain the double lobed far-fields of such arrays in a

first approximation.

A traveling wave model was used for the numerical simulation of the gain guided stripe-

array as a laser. The near-field and far-field intensity distributions were simulated. The

numerical simulations have proven that the stripe-array as a laser operates preferably in a

supermode close to the lowest order out-of phase mode. However, the simulations showed

a non perfectly pronounced double lobed lateral far-field. It is assumed that the lack of

wavelength stabilization is the reason that the array operates not exactly at the out-of-phase

supermode.

The stripe-array as an amplifier can be wavelength stabilized with an external cavity.

Furthermore, this external cavity can be designed off-axis to support the “native” lateral

double-lobed emission and stabilize the out-of-phase supermode. The calculated far-field

pattern corroborate this assumption. In the next chapters the gain guided stripe-array am-

plifier is investigated experimentally in different external cavity configurations.



Chapter 4

Transversal mode selection with off-axis

external cavities

Several techniques to achieve emission with good spatial beam quality from standard BA

and stripe-array diode lasers have been reported in the literature. This includes the use of

mode apertures, phase masks [56] and phase conjugation [10, 57]. Moreover, it was shown

that the double lobed emission can be supported by operating BA diode lasers in off-axis

resonators [8, 58, 59] or by off-axis injection locking with a master laser [60].

As discussed in the previous chapter, the emitters of a stripe-array are coupled most

likely in the out-of-phase supermode. This results in a double lobed far-field distribution

in lateral direction similar to that of BA diode lasers. Furthermore, the numerical results

presented in section 3.2 have shown, that the particular stripe-array used in this work pos-

sesses this strong double lobed far-field. Thus, the out-of-phase coupling between adjacent

emitters can be enforced by setting up an external resonator with a high angular selectivity.

Since one aim of this work was to achieve emission with a high brightness from BA and

stripe-array amplifiers, the selection and stabilization of a certain supermode with an exter-

nal cavity was experimentally investigated here. Therefore, BA and stripe-array amplifiers

have been characterized with two off-axis external cavity designs in this chapter.

4.1 Characterization of the stripe-array amplifier

A crucial aspect for operating a diode laser in an external cavity is the suppression of the

longitudinal and transversal modes of the Fabry-Perot chip resonator. If the chip modes of

the diode laser are not sufficiently suppressed, mode competition can occur. Thus, an AR

coating on the front facet with a residual reflectivity in the range below 0.1% is necessary. In

this case, an amplifier is realized that can be integrated to an external cavity as gain medium.

Such amplifiers are characterized by the emission of spectrally broad super-luminescence

and can also be realized with AR coatings at both facets.

The stripe-array amplifiers investigated here, were AR coated at the front facet by

using a single layer of silicon nitride. The manufacturer specifies the reflectivity to be

RF< 0.5·10−5 at the gain maximum and RF <10−5 over the whole spectral gain width.

The back facet had a reflectivity of RB > 90 % and was realized by a stack of silicon oxide

and silicon nitride layers.

The quality of the AR-coating can be evaluated by the shape of the super-luminescence

output as a function of the injection current. In Fig. 4.1, the power as a function of the

injection current for three different amplifiers are shown. Two 400 µm wide stripe-array
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Figure 4.1: Output power of the free running BA and stripe-array amplifiers as a function of the

injection current without external cavity.

amplifiers and a 200 µm wide BA amplifier have been investigated up to an injection current

of 2.5 A. The 200 µm wide BA amplifier was chosen because the effective emitting area

of the 400 µm stripe-array is 40 · 4µm = 160 µm. However, a 160 µm wide emitter was

not available. The output power of the super-luminescence for the stripe-array amplifier

with good AR coating (green line) was below 350 mW at 2.5 A and no kinks indicated the

onset of lasing. The red line indicates the output power of the stripe-array with insufficient

AR-coating. This device started lasing at about 1.5 A and the output power was nearly three

times higher than for the well AR-coated chip. The third curve (black line) represent the

measurement with the BA amplifier. No onset of lasing was observed, indicating a well AR

coated facet.

Another method to evaluate the quality of the AR-coating is to investigate the spectral

emission of the super-luminescence. Figure 4.2 shows the corresponding spectra for the

two 400 µm wide chips for different injection currents. The super-luminescence spectra

of the amplifier having the specified AR-coating 4.2 (a) remained broad even at higher

injection currents. In contrast, the emission spectra of the amplifier with the insufficient

AR-coating showed several narrow spectral peaks above an injection current of 1.5 A, as

shown in Fig. 4.2 (b). These spectral peaks are attributed to lasing of the chip itself.

From these measurements a high quality of the AR coating is assumed for the two chips

with the low output powers. Those chips were selected for further investigation.
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Figure 4.2: Spectra of the free running stripe-array amplifier for different injection currents for the

case of (a) good AR-coating and (b) insufficient AR-coating.
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4.2 Off-axis external cavities

Two different off-axis external cavity approaches can be distinguished:

Symmetric off-axis feedback: In the symmetric off-axis external cavity design, feedback

is provided on both lobes of the double lobed emission equally [8, 61]. This results in a

homogeneous near-field distribution. The drawback of this scheme is that the output power

is equally distributed over the two output lobes. Although a certain transversal supermode

can be selected and stabilized, the output remains double lobed. Each of the two lobes can

show a nearly diffraction limited behavior and the two beams can be superimposed into one

single beam by polarization coupling [62], but the effort is correspondingly high. Thus, the

application of a symmetric off-axis ECDL is limited.

Asymmetric feedback: A way to overcome this drawback is to provide asymmetric off-

axis feedback [7, 8, 27, 63–68]. Two ways of asymmetric feedback are possible. One

way is providing feedback on both lobes but with different reflectivities. The other way

is provide very strong feedback on one side and no feedback on the other side. In both

cases, this results in asymmetric far-field and near-field distributions. The advantage of the

asymmetric scheme is, that the lobe with (stronger) feedback is less pronounced while the

other lobe can be coupled out. Thus, more power is concentrated in the outcoupled lobe

especially when no feedback on this lobe is present (see subsection 4.2.2).

In the following two subsections two different schemes to realize angular selective external

cavities will be presented. In principle, both resonator schemes can be realized asymmetric

and symmetric.

4.2.1 Spherical aberrations for symmetric off-axis feedback

Usually, spherical aberrations have to be avoided in any optical setup, especially in res-

onators. However, in some cases the spherical aberrations can be utilized to achieve a

positive effect. In this subsection, the use of the spherical aberrations of a plano-convex

lens to realize an angular selective resonator is described. A standard BA and a stripe-array

amplifier have been investigated.

If a plano-convex lens is irradiated by collimated monochromatic light, the focal point

for outer rays will be closer to the lens than the focal point from paraxial rays. The aber-

rations will become stronger if the lens is placed with the convex side facing the focus.

A simulation made with the ray tracing software ZEMAX for the two lens orientations is

depicted in Fig. 4.3 exemplarily for a lens with f = 50 mm and a diameter of 22 mm. The

deviation between the focal planes of paraxial rays and the rays incident on the edges of

the lens is increased from 2.5 mm to 10 mm if the lens is placed “the wrong way round” as

shown on the right hand side of the picture. This effect can be exploited to form an angular

selective external cavity [64, 65].

The experimental setup of a symmetric feedback scheme utilizing this effect is depicted

in Fig. 4.4 along the slow-axis of the diode. In fast-axis, the diode (amplifier) emission is

collimated using an FAC. Since the emission in this direction is nearly diffraction limited, it

can remain uninfluenced by the external resonator. In slow-axis, a plano-convex cylindrical

lens with the curved side facing the stripe-array and the BA amplifier, respectively was

used. A plane mirror with a reflectivity of RM > 20 % was placed perpendicular to the

optical axis.
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Figure 4.3: Illustration of the spherical aberrations of a plano-convex lens [69].

For a given distance dlens between the amplifier and the lens, a specific angular emission

from the amplifier is supported by the resonator. This case is indicated by the solid line in

Fig. 4.4. The emission from the amplifier matching to this feedback angle ± αFB will be

collimated behind the lens. This angular emission will be incident perpendicular at the

mirror. Therefore, it will be reflected back onto itself and back into the amplifier. Emission

that exits the amplifier at a different angle than ± αFB will have a skew incident angle at

the mirror, which is indicated by the dashed line in the picture. Thus, it will not be fed back

into the active region and cannot be amplified. In other words, the feedback angle ± αFB

that is supported by the resonator can be adjusted by changing the distance between the lens

and the amplifier.

Figure 4.4: Sketch of the angular selective external cavity comprising a plano-convex cylindrical

lens for transversal mode selection.

This scheme was studied as symmetric and asymmetric design [65, 70], but in these

cases additional apertures or stripe mirrors were used. Here, the symmetric scheme utilizing

just one feedback mirror and no apertures was investigated to evaluate the quality of the

angular selectivity of the spherical aberrations alone.

Comparison between standard BA and stripe-array amplifier: The far-field emission

behavior of the stripe-array and the standard BA amplifier that were characterized in sec-

tion 4.1 were investigated. Both chips had a center wavelength of about 974 nm, while

several longitudinal modes were present in most cases. The angular selective external cav-

ity was set up symmetrically as depicted in Fig. 4.4. A plano-convex cylindrical lens with
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Figure 4.5: Off-axis angle of the emission as a function of the distance dlens between the spherical

lens and the amplifiers. The black line indicates the corresponding calculated feedback

angles αFB supported by the resonator.

a focal length of f = 100 mm was mounted on a precision translation stage. A plane mirror

with a reflectivity of RM = 20% was placed in a distance of dM = 100 mm with respect

to the lens. To change the feedback angle, the distance between lens and amplifier was

changed. In other words, the lens to diode distance dlens corresponds to a certain feedback

αFB angle supported by the resonator. To determine the off-axis angle the far-field distribu-

tions in lateral direction have been measured for different lens to diode distances by using

the Beamscope. The feedback angle given by the resonator was compared to the off-axis

angle of the emission from the ECDL.

The off-axis angle (αOA) of the emission of the two amplifiers is depicted in Fig. 4.5 as

a function of the lens position, whereas the angle between the two lobes in the far-field is

defined as 2 · αOA. The theoretical feedback angle (αFB) of the resonator is represented by

the black line in Fig. 4.5. It can be calculated with a ray tracing program as illustrated in

Fig. 4.3.

The black squares in this graph represent the values measured using the standard BA

amplifier, while the red crosses correspond to the stripe-array amplifier. Both amplifiers

were investigated at an injection current of 1.5 A. The characteristic double lobe emission

was observed in most cases. The angular emission of the standard BA amplifier followed

the resonator in all cases. For longer distances than dlens = 100 mm, the standard BA

amplifier did operate on-axis. The angular emission of the stripe-array amplifier followed

the resonator only for short lens to diode distances. For small angles (dlens > 99.2 mm),

the stripe-array tended to operate close to its “native” off-axis angle (±αOA = 2.79◦for

λ = 974.0 nm).

The corresponding far-field intensity distributions are depicted in Fig. 4.6 for the stan-

dard BA amplifier and in Fig. 4.7 for the stripe-array amplifier at six different feedback

angles. Each graph shows the far-fields measured for three different injection currents.

The standard BA amplifier showed the characteristic double lobed far-field emission in

nearly all cases (Fig. 4.6 (a-e)). However, the shape of the two far-field lobes was rather

broad and multiple peaks indicated non diffraction limited emission. Furthermore, the

width of the double lobes broadened with decreased feedback angle and the on-axis back-

ground became stronger, especially at higher injection currents. The far-fields measured

with the standard BA amplifier showed, that this diode did not have a distinct preferred

emission angle. At αFB = 0.7◦ (as shown in Fig. 4.6 (f)), the double lobes were only visible
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Figure 4.6: Far-field intensity distribution of the standard BA amplifier operated in the off-axis ex-

ternal cavity with plano-convex lens for different feedback angles ± αFB.

at the laser threshold of 0.75 A (green line). At higher injection currents, a multiple lobe

on-axis emission was observed at this feedback angle.

Figure 4.7 (a-f) shows the corresponding far-fields for the stripe-array amplifier. At

large feedback angles, the stripe-array amplifier did operate at an off-axis angle matching to

the feedback angle. However, for smaller feedback angles than 2.8◦ and at higher injection

currents, the stripe-array tended to operate close or at its native off-axis angle. At a feedback

angle of 5.6◦(Fig. 4.7 (a)), a double lobed emission at approximately the feedback angle

was observed at low injection currents. By increasing the injection current to 2.0 A, the

far-field showed four lobes, whereas the two inner lobes match to the “native” out-of-phase

mode operation of the stripe-array. If the feedback angle was decreased further (Fig. 4.7 (b-

d)), the far-field lobes broadened and the on-axis background increased. However, if the

feedback angle matched exactly the angle corresponding to the out-of-phase coupling of the

array emitters as depicted in Fig. 4.7 (e), the far-field showed two very pronounced peaks

without any background or on-axis radiation. In this case, each of the two lobes was nearly

diffraction limited. The standard BA amplifier did not show such a distinct preference to

any feedback angle. If the feedback angle was decreased further, the stripe-array amplifier

still tended to operate close to its native off-axis angle, while the external cavity supported

considerably smaller feedback angles. As shown in Fig. 4.7 (f), the stripe-array operated at
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Figure 4.7: Far-field intensity distribution of the stripe-array amplifier operated in the off-axis ex-

ternal cavity with plano-convex lens for different feedback angles ± αFB.

an off-axis angle of αOA ≈ 2.75◦, while the feedback angle supported by the resonator was

αFB = 0.7◦. This is attributed to the lower impact of aberrations for smaller angles.

Several consequences result from these measurements: First off all, the stripe-array

possessed a preferred angular emission, while the standard BA amplifier can be operated

at arbitrary feedback angles. Secondly, the angular selectivity of this resonator was insuffi-

cient to dominate the stripe-array. Furthermore, the angular selectivity was lower at small

feedback angles (and shorter lens to diode distances, respectively), because the spherical

aberrations are weaker in this case. However, the angular selectivity was sufficient to domi-

nate the standard BA amplifier in all cases. This can be explained by filaments arising inside

the BA amplifier matching to the off-axis feedback from the external cavity. If the feedback

angle is changed, these filaments will follow the external cavity. In contrast, the stripe-

array has well defined stripes resulting in a “native” off-axis emission angle. This agrees

well with the simulations made in the previous chapter and the theory of array supermodes

[43, 44].

The aberrations of the lens alone are not strong enough to provide a precisely defined

angular selective resonator. However, this precision is necessary to select a certain array su-

permode. Additional mode apertures or stripe mirrors are necessary to realize high angular

selectivity. The combination of slow-axis lenses and stripe mirrors (or the use of apertures



38 4.2. Off-axis external cavities

in front of mirrors, respectively) was reported in the literature [7, 8, 27, 66, 67].

4.2.2 Plane mirror for asymmetric off-axis feedback

A simple resonator for asymmetric off-axis feedback with a high angular selectivity can be

realized with a plane mirror tilted with respect to the optical axis. A sketch of this resonator

scheme is depicted in Fig. 4.8. The stripe-array amplifier emission in fast axis direction was

collimated using an FAC. In slow-axis, angular selective feedback at ± αFB was provided

with a plane mirror on one of the two lobes. This branch is called the feedback branch,

while the other branch is called the outcoupling branch. Thus, a highly reflective mirror

can be used at the feedback side. A second mirror can be used at the outcoupling side.

Since the gain in a semiconductor amplifier is sufficiently high this is not necessary.

Figure 4.8: Asymmetric off-axis external cavity design without lenses in the slow-axis.

Comparison between standard BA and stripe-array amplifier: To resolve both lobes

and for a better comparison to the measurements obtained in the previous section, a mir-

ror with a partial reflectivity of 20% was used. The mirror was positioned in a distance

of 40 mm from the front facet of the amplifiers. The resonator length was limited by the

mechanical components. The lateral far-field distributions were measured with the Beam-

scope.

Figure 4.9 (a) shows the far-field intensity distribution using the standard BA ampli-

fier at a feedback angle of αFB = 2.78◦. The characteristic double lobe emission was ob-

served, whereas the outcoupling lobe has a higher intensity and the feedback lobe is sup-

pressed. The outcoupling lobe had a far-field angle measured at full width at half maximum

(FWHM) of 2θ0(FWHM) = 1.5◦ corresponding to a beam propagation factor of M2
x ≈ 4.2

for the 200 µm wide emitter. Despite the asymmetric intensity of the two lobes, the BA am-

plifier showed the same behavior for different feedback angles as with symmetric feedback

(as shown in Fig. 4.6 in the previous subsection). Because of the low beam quality and the

lack of angular susceptibility, the BA amplifier was not further investigated.

The far-field intensity distribution of the stripe-array at an injection current of 1.0 A is

depicted in Fig. 4.9 (b) for three different feedback angles. In all three cases an asymmetric

far-field was observed, with the lower intensity in the feedback lobe. The center wave-

length was 972 nm with several spectral peaks. At a feedback angle of αFB = 2.78◦, the
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Figure 4.9: Far-field intensity distribution of (a) the BA amplifier and (b) the stripe-array amplifier

with asymmetric off-axis feedback from a plane mirror at an injection current of 1.0 A.

highest intensity was measured. In this case, the far-field angle of the outcoupling lobe was

2θ0(FWHM) = 0.26◦. With the emitter size of 400 µm, this results in a beam propagation

factor of M2
x ≈ 1.5. This is nearly three times better than with the BA amplifier. At the

two other feedback angles, the intensity drops and the width of the lobes broadened. If

the feedback angle was decreased below αFB = 2.68◦ or increased above αFB = 2.88◦, no

laser emission was observed. At a higher injection current of 1.5 A a similar behavior was

observed. The ECDL could be operated at a larger angular range between αFB = 2.54◦and

αFB = 3.02◦. Since several peaks were present in the spectrum, the supermode could not be

fully stabilized.

Power in central lobe and beam quality: Figure 4.10 (a) shows the measured far-fields

of the outcoupling lobe for three different injection currents. By increasing the injection

current, side lobes did arise next to the main outcoupling lobe. Furthermore, the far-field

angle slightly increased. The peaks are referenced to the output powers that were measured

in this single lobed beam. At 1.5 A, only small side lobes were present. At higher injection

currents the side lobes in the background became stronger.

In Fig. 4.10 (b), the corresponding far-fields behind an adjustable rectangular aperture

are depicted for the same operation conditions. The squares represent the measured data

and the black solid lines are Gaussian fit curves through this data. The peaks of the far-

fields are normalized to the measured power behind the aperture. The powers before and
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Figure 4.10: Far-field intensity distribution of the outcoupling lobe at different injection currents

(a) without aperture and (b) with aperture.
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behind the aperture and the corresponding measured M2 values following the ISO standard

are summarized in table 4.1. Furthermore, the beam propagation factors calculated from

the far-field angles (M2
x,FWHM) are given. The power in the side lobes reached values of

nearly 20% at higher injection currents. If the beam quality is measured without aperture,

the presence of the side lobes leads to too high values for M2
x . In contrast the FWHM

approximation is too optimistic if side lobes are present. Thus, the use of an aperture to

select the central lobe and the ISO standard for measuring the beam quality will be used

from hereon unless otherwise stated.

J[A] P [mW] P [mW] M2
x M2

x M2
x,FWHM

w/o aperture with aperture w/o aperture with aperture

1.5 307 280 1.44 1.15 1.05

2.0 528 478 1.58 1.17 1.18

2.5 772 642 2.15 1.40 1.23

Table 4.1: Output power and beam propagation factors in the single lobe at the outcoupling side

with and without the adjustable rectangular aperture.

4.3 Summary

In this chapter, the far-field emission behavior of a standard and a stripe-array amplifier with

angular selective feedback was investigated by using two different external cavity designs.

The two main results are:

• The stripe-array amplifier showed a preferred off-axis emission angle that matched

to an out-of-phase coupling of adjacent emitters. This was predicted by the models

described in the previous chapter and was also a result of the simulations. In contrast,

the standard BA amplifier did not show such strong angular dependence and can be

operated at arbitrary feedback angles.

• The spherical aberrations of the plano-convex lens alone were insufficient to build an

off-axis external cavity, while the off-axis external cavity with the plane mirror had a

high angular selectivity. This off-axis ECDL worked without apertures and slow-axis

lenses.

Although a selection of the out-of-phase supermode of the stripe-array was achieved, the

external cavities presented here did not feature wavelength selective elements. Thus, the

individual emitters can operate at different wavelengths. Even though a coupling to the next

neighbor can exist, a complete synchronization of the array to form a stable supermode can

not be achieved without wavelength stabilization. However, the experimental investigations

that were performed in this chapter confirm the assumptions made from the literature and

the simulations. Thus, the theoretical and experimental results can be used as a basis for

the design of an off-axis external cavity that comprises additional wavelength filters. This

will be discussed in the subsequent chapter.



Chapter 5

Wavelength stabilized external cavity

stripe-array amplifiers

Based on the simulations and the theoretical framework given in chapter 3, the techniques

for transversal mode selection of BA and stripe-array amplifiers with off-axis external cav-

ities have been investigated in the preceding chapter. The lateral modes of the stripe-array

amplifier could be stabilized by supporting the out-of-phase supermode of the stripe-array.

The standard BA amplifier did not show such a susceptibility to angular feedback. Thus,

the experiments presented from hereon have only been performed using the stripe-array

amplifier.

In this chapter, the investigation with external cavities is extended to the longitudinal

mode selection and wavelength stabilization. The aim was to increase the stability of the

coupling between the emitters of the stripe-array. The Littrow type external cavity was

chosen because it could be easily adapted to the asymmetric off-axis feedback scheme de-

scribed in the preceding chapter. Reflective diffraction gratings were chosen as wavelength

selective elements. Because Bragg gratings such as volume Bragg gratings and reflective

Bragg gratings can not provide a sufficiently large wavelength tuning range.

In the first section, an on-axis ECDL system is discussed. This ECDL did not comprise

angular selectivity and was used to investigate the stripe-array emission characteristics with

wavelength stabilized but arbitrary angular feedback. In the second section, wavelength sta-

bilization with an off-axis external cavity will be presented. Furthermore, the experimental

results are compared with numerical results.

5.1 On-axis ECDL

Experimental setup

The on-axis ECDL consisted of the stripe-array amplifier, an FAC, a cylindrical lens in

direction of the slow-axis (slow-axis collimator - SAC) and a diffraction grating. A sketch

of the external cavity setup is depicted in Fig. 5.1.

In direction of the fast-axis, a Littrow style resonator was realized (Fig. 5.2). In this

direction, the emission of the stripe-array was nearly diffraction limited. The highly diverg-

ing light was collimated by the FAC with a high numerical aperture (NA > 0.9) and a focal

length of fFAC = 0.9 mm. The collimated beam had a diameter of 2 mm and a residual di-

vergence of θ ≈ 0.4 mrad. The grating was positioned with the grating lines parallel to the

slow-axis. This resulted in wavelength selection along the fast-axis. In slow-axis direction,
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Figure 5.1: Schematic drawing of the on-axis stripe-array ECDL. FAC: fast-axis collimator, SAC:

slow-axis collimator, grating with g = 1800 lines/mm. Outcoupling of the emission is

managed via the zeroth diffraction order of the grating.

no wavelength selection was present and the grating did act similar to a plane mirror.

The diffraction grating was set up in a standard Littrow configuration, where the first

order of diffraction is reflected back into itself. The angle between the surface normal

of the grating and the first order of diffraction has to satisfy the Littrow condition λ =
dG · 2 sinαL. The grating constant was g = 1800 lines/mm, giving a pitch of the grating

lines dG = 0.55 µm. For a wavelength of λ = 976.0 nm, a Littrow angle of αL = 62.5◦ was

calculated. The well collimated light (fast-axis) was incident at the grating with an angle

of 28.6◦. Thus, approximately N = 7700 grating lines were illuminated. The wavelength

resolution of the grating can then assumed to be ∆λ ≈ λ/N . This gives a theoretical

grating resolution of ∆λ ≈ 120 pm.

The light emitted by the stripe-array was TE polarized with the electric field vector

oscillating in the plane of the slow-axis. Thus, the light incident at the grating is polarized

parallel to the grating lines. The diffraction efficiency of the grating for this polarization was

determined to be ≈ 30% and therefore, the zeroth diffraction order of the grating could be

used to couple out the on-axis ECDL emission. The grating shows much higher diffraction

efficiency of > 90% for light that is polarized perpendicular to the grating lines.

Figure 5.2: Schematic drawing of the on-axis ECDL in direction of the fast-axis. A standard Littrow

setup is realized in this direction.
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In slow-axis direction, the SAC collects nearly all light that is emitted by the amplifier.

The lens transforms the angular distribution into a spatial distribution in the focal plane,

where the grating is located. The grating can be treated as a plane mirror in slow axis

direction. This means, that no angular selectivity is realized in slow-axis direction. Rather,

nearly all slow-axis emission angles are supported by this external cavity. This allows the

stripe-array to operate at any supermode. The possible array mode number is only limited

by the NA of the SAC and the width of the grating. However, since the grating has a width

of 5 mm this effect should be negligible.

Experimental results

Output power and beam quality: The optical output power of the on-axis ECDL is

depicted in Fig. 5.3 as a function of the injection current. Two SAC lenses with different

focal lengths have been used. With a focal length of fSAC = 50 mm (NA ≈ 0.28), a laser

threshold of 660 mA was observed. With this lens, a maximum output power of 6.8 W could

be achieved at an injection current of 9 A. Up to an injection current of 8.5 A, the slope

efficiency was determined to be 0.85 W/A. Above that injection current, a slight saturation

behavior was observed, which indicates the onset of thermal rollover.

At an injection current of 4 A, an optical output power of 3.1 W was obtained. This

equals to 89 % of the output power from a free running (and non AR coated) stripe-array

diode laser. At this operating current, and an applied voltage of 1.4 V the electro-optical

efficiency of the on-axis ECDL system still exceeded 55 %.
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Figure 5.3: Optical output power of the on-axis ECDL emission as a function of the injection current

for two different SAC lenses.

By using an SAC lens with a focal length of fSAC = 100 mm (NA ≈ 0.14), the laser

threshold was shifted to 700 mA. Furthermore, the resulting slope efficiency of 0.6 W/A

was significantly lower compared to the shorter resonator. At an injection current of 8 A,

a maximum output power of 3.5 W was measured. At 4 A, an output power of 2 W could

be achieved. This corresponds to approximately 60 % of the output power of the free

running stripe-array diode laser. With this SAC lens, the on-axis ECDL emission showed

saturation behavior above 5 A and the slope efficiency diminished drastically at higher

injection currents. This is presumably caused by the lower numerical aperture of the slow-

axis lens with the longer focal length. Additionally, the higher losses inside the cavity with

f = 100 mm lead to a stronger heating of the laser chip. Therefore, the onset of thermal
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rollover was shifted to lower injection currents. In both experiments, the injection current

was increased until the first sign of saturation to avoid a damage of the stripe-array amplifier.

Because of the better performance of the on-axis ECDL using the SAC with a focal

length of fSAC = 50 mm, all further investigations have been performed with this lens.

The caustic of the beam along the slow-axis is depicted in Fig. 5.4. At an injection

current of 9 A and an optical output power of 6.8 W, a slow-axis beam propagation factor

of M2
x < 35 was measured. In direction of the fast-axis a beam propagation factor of

M2
y < 1.3 was obtained.
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Figure 5.4: Caustic of the on-axis ECDL emission in the slow-axis at an injection current of 9 A.

Spectrum and tuning range: Figure 5.5 shows the spectrum of the on-axis ECDL emis-

sion measured with an optical spectrum analyzer (OSA) at the maximum optical output

power of 6.8 W. At a center emission wavelength of 967 nm, a bandwidth of 100 pm

(FWHM) and a side mode suppression of nearly 45 dB could be achieved. Compared to

the free running diode laser without AR-coating and external cavity, the bandwidth could

be reduced by a factor of about 20.
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Figure 5.5: Spectrum of the on-axis ECDL emission at an injection current of 9 A measured with

an optical spectrum analyzer.

By tilting the grating and changing the Littrow angle, it was possible to tune the center

wavelength of the emission. The optical output power of the on-axis ECDL as a function

of the emission wavelength is depicted in Fig. 5.6. The ECDL emission was tunable over a
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range of 40 nm from 950 nm to 990 nm. At an injection current of 4 A, more than 2.5 W of

optical output power where obtained and the emission wavelength was tunable from 952 nm

to 980 nm. A power of more than 3 W was measured between 950 nm and 986 nm at 6 A

injection current while the maximum output power was obtained around 970 nm.
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Figure 5.6: Optical output power of the on-axis ECDL as a function of the emission wavelength for

two different injection currents.

Discussion

With the stripe-array amplifier operated in an on-axis Littrow external cavity, narrow band-

width laser emission with a cw output power of up to 6.8 W could be achieved. The band-

width of the emission was measured to be below 100 pm (FWHM) and it was possible

to tune the laser emission wavelength over a range of 40 nm. Compared to the free run-

ning stripe-array diode laser, the spectral width was reduced by a factor of 20. A low laser

threshold and a high slope efficiency of 0.85 W/A was achieved. However, the output power

decreased to 89 % compared to the free running stripe-array diode laser. The electro-optical

efficiency was higher than 50 % in all cases.

Beam propagation factors of M2
x < 35 and M2

y < 1.3 have been measured at the maxi-

mum output power and a brightness of 15.6 MW/cm2·str was determined. The poor lateral

beam quality is owed to the lack of angular selectivity of the on-axis external cavity design.

Thus, this ECDL can not be used as pump laser for nonlinear frequency conversion. How-

ever, the investigation of the stripe-array with wavelength stabilization and without angular

selective feedback is useful for the interpretation of the results obtained with the off-axis

ECDL that will be described in the next section.

A possible application of the on-axis ECDL is the pumping of advanced solid state lasers

or alkali vapor lasers (like rubidium, cesium or potassium lasers). In this case, wavelength

stabilized, narrow bandwidth emission with cw output powers of a few Watt is required and

the raw optical output power is more important than the beam quality of the laser emission.

Usually, ECDLs comprising volume Bragg gratings have been used for this purpose.

Gourevitch et al. achieved narrow bandwidth emission below 100 pm and a cw output

power of 2 W with a single BA diode laser [71]. However, the tunability of volume Bragg

gratings is constricted. Wang et al. could realize an output power of 2.3 Watts, a band-

width of 70 pm and a tuning range of 1.6 nm by operating a BA diode laser array of three

uncoupled 200 µm emitters in a Littman-Metcalf style ECDL [72].
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Higher output powers were demonstrated with BA diode laser bars. Gourevitch et al.

used a laser bar with 24 emitters each with a width of 150 µm stabilized with a volume

Bragg grating and were able to obtain ≈ 30 W of cw emission at an injection current of

50 A [73]. Liu et al. realized 12.5 W of output power at an injection current of 50 A by

operating a laser bar with 49 emitters each with a 100 µm aperture in a Littrow type ECDL

[74].

In conclusion, the results obtained with the on-axis ECDL represent the highest band-

width narrowed output power achieved with a (single element) BA or stripe-array diode

laser.

5.2 Off-axis ECDL

The on-axis stripe-array ECDL described in the preceding section yielded high output

power, wavelength stabilized emission with narrow bandwidth and a large wavelength tun-

ing range. However, the beam quality of the slow-axis emission remained poor because

the stripe-array was not operated at a specific angle to stabilize a certain array supermode.

Therefore, the resulting brightness was insufficient for nonlinear application.

In this section, a new off-axis external cavity scheme with a tilted diffraction grating is

presented. This design is based on the investigations made with a plane mirror as described

in subsection 4.2.2. This scheme was extended with the fast-axis Littrow setup described in

the previous section to achieve a stable coupling of the array emitters.

Experimental setup

The experimental setup of the off-axis ECDL is depicted in Fig. 5.7. The cavity consisted of

the stripe-array amplifier, an FAC, a half wave plate and a holographic reflective diffraction

grating (g = 1800 lines/mm). The grating was placed with the grating lines parallel to the

slow-axis, following the scheme used with the on axis resonator (Fig. 5.2). Thus, a standard

Littrow setup was realized in direction of the fast-axis direction, while the grating did act

similar to a plane mirror for the slow-axis. The main difference to the standard Littrow setup

was that the outcoupling was not managed via the zeroth order of diffraction of the grating.

Instead, a half wave plate was used to rotate the polarization of the electric field emitted by

the stripe-array by 90◦. Thus, the light incident at the grating is polarized perpendicular to

the grating lines. In this case, the diffraction efficiency was > 90% and the reflection into

the zeroth order of diffraction was minimized. Outcoupling of the diode laser emission was

realized similar to the scheme described in section 4.2.2. While feedback was provided on

one of the lobes, outcoupling of the usable light was realized on the other lobe.

This external cavity is best described by treating both axes separately. In fast-axis di-

rection, wavelength stabilization and bandwidth narrowing was realized. Each emitter is

stabilized on the same wavelength resulting in a wavelength synchronization of the stripe-

array. By tilting the grating, the Littrow angle is changed and the emission wavelength can

be tuned. The resolution of the Littrow cavity is about the same as with the on-axis ECDL

(see page 42).

In slow-axis direction, the grating possesses no wavelength selectivity. Thus, it can be

used to select the feedback angle αFB in the same way as with a plane mirror. Depending on

the slow-axis tilting angle, a specific supermode of the stripe-array amplifier is supported

by the resonator. The length of the resonator was not limited by the focal length of a lens
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Figure 5.7: Schematic drawing of the off-axis stripe-array ECDL in plane of the slow-axis. FAC:

fast-axis collimator, HWP: half wave plate.

and the shortest cavity length that could be realized was 40 mm, mainly limited by the

mechanical components.

5.2.1 Lowest order out-of-phase supermode

In the previous chapters, the stripe-array amplifier was investigated both experimentally

and theoretically. The simulations and experiments showed a preferred operation in the

lowest order out-of-phase supermode, which corresponds to an off axis angle of 2.8◦for

λ = 976 nm. In this case, neighboring emitters will oscillate with a phase shift of π. The

supermode number is equal to the number of emitters N =40. The experimental investiga-

tions performed in chapter 4, corroborate this behavior. The stripe-array amplifier showed

a distinct preference to this specific feedback angle. In this subsection, the off-axis exter-

nal cavity was setup at a feedback angle αFB =2.8◦ to operate the amplifier at its “native”

out-of-phase supermode.

Output power with and without aperture: The output power of the off-axis ECDL

emission with and without aperture in the outcoupling branch is depicted in Fig. 5.8 for the

feedback angle set to support the lowest order out-of-phase supermode. The laser threshold

was 740 mA. Without aperture (represented by the squares in the graph), a maximum output

power of 2060 mW was achieved at an injection current of 4.1 A.

Up to an injection current of 2.5 A, the slope efficiency was 0.75 W/A. Above 2.5 A,

the slope decreased to 0.58 W/A. This kink in the light current characteristic indicates the

onset of higher order transversal mode operation.

The circles in the graph represent the output power measured with the on-axis ECDL to

have a figure of merit of the off-axis device. Compared to the on-axis ECDL the off-axis

ECDL showed a higher threshold and a decrease of the slope efficiency by 13%. Further-

more, the onset of thermal rollover was shifted from more than 8 A to about 4 A. The

electro-optical efficiency achieved with the off-axis ECDL was 35% at an injection current

of 4.0 A.

As described in subsection 4.2.2, an additional aperture can be used at the outcoupling

branch to suppress amplified spontaneous emission and higher order transversal modes.
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Figure 5.8: Optical output power of the off-axis ECDL emission for the lowest order out-of-phase

supermode as a function of injection current with and without mode aperture in the

outcoupling branch.

The aperture was adjusted to block all emission except the central far-field lobe as depicted

in Fig. 4.10 on page 39.

The output power measured behind this aperture is represented by the crosses in Fig. 5.8.

The laser threshold remained at 740 mA. At an injection current of 3.7 A, a maximum

output power of 1160 mW was achieved. Up to an injection current of 2.5 A, the slope

efficiency was 0.55 W/A. The lower slope efficiency is simply caused by the blocking of

the light emitted in higher modes and amplified spontaneous emission. Above an injection

current of 2.5 A, a the slope efficiency drops to 0.35 W/A and the slope efficiency nearly

flattens above an injection current of 3.2 A.

While the laser output power without aperture saturated at injection currents of about

4 A, the power in the central lobe saturates at lower injection currents. The saturation at

4 A is caused by thermal rollover. The onset of thermal rollover is shifted to lower injection

currents compared to the on-axis ECDL described in the previous section because of the

threshold shift from 660 mA to 740 mA. Thus, more heat is dissipated in the active region

which is also indicated by the lower slope efficiency. However, the saturation of the output

power in the central lobe is caused by the fact that more power is emitted into the side lobes.

Beam quality and brightness: The beam propagation factors measured with and with-

out aperture in slow axis direction are shown in Fig. 5.9 (a) as a function of the injection

current. Both curves show increased M2
x values for higher injection currents. Without the

aperture (represented by the black squares), higher M2
x values than with aperture (crosses)

are measured as expected. Furthermore, the kink in the curve indicates the presence of

higher modes at about 2.2 A. A beam propagation factor of M2
x ≈ 4.3 was measured at an

injection current of 4.2 A.

The beam propagation factors measured behind the apertures for the different injection

currents corresponding to the power measurement are depicted in Fig. 5.9 (a) in slow-axis

direction and (b) in fast-axis direction.

With the aperture, the M2
x values increased more linearly. Near threshold (0.8 A), a

beam propagation factor in slow-axis direction of M2
x ≈ 1.1 was measured. Above 2.2 A

injection current the slope of the M2
x values did slightly increase. At an injection current of

4.2 A values of M2
x ≈ 2.4 have been measured.
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Figure 5.9: Beam propagation factors of the off-axis ECDL emission for the lowest order out-of-

phase supermode as a function of injection current measured with and without aperture

for (a) the slow-axis and (b) the fast-axis.

The beam propagation factors measured in the fast-axis direction are depicted in

Fig. 5.9 (b). Slightly above threshold at an injection current of 0.8 A, values of M2
y ≈ 1.2

were obtained without aperture. Up to an injection current of 4.2 A, a linear increase of the

beam propagation factors to values of M2
y ≈ 1.9 was observed. With the aperture, a linear

degradation of the beam quality from M2
y ≈ 1.02 to M2

y ≈ 1.25 was measured.

Since the beam quality measuring technique using the ISO standard overweights side

lobes as can be seen in the kink in Fig. 5.9 (a), all power and beam quality measurements

presented from hereon have been measured behind the aperture.

To get a more transparent picture of the off-axis ECDL performance, the brightness

values have to be compared. In Fig. 5.10, the calculated values for the brightness with

aperture are depicted. The brightness did increase linearly up to injection currents of about

2.0 A. Between 2.1 and 2.9 A, a diminished slope was observed. At higher injection currents

than 3.0 A, the brightness rather decreased. This is attributed to both, the degradation of

the beam quality and the saturation of the power transmitted through the aperture at higher

injection currents.
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Figure 5.10: Calculated brightness of the off-axis ECDL emission as a function of the injection

current.

The maximum brightness of B = 62.5 MW/cm2-str was achieved at an injection current

of 2.9 A, where the ECDL yielded emission with a power of 1044 mW. The caustics of

the off-axis ECDL emission for both axes measured at this operating point are shown in
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Figure 5.11: Beam caustics for the fast-axis and the slow-axis at an injection current of 2.9 A.

Fig. 5.11. Beam propagation factors of M2
x = 1.5 in slow-axis (crosses) and M2

y = 1.17

in fast-axis (squares) were determined. Compared to the free running diode laser with a

slow-axis beam propagation factor of M2
x > 60, the beam quality was improved by a factor

of 40. The electro-optical efficiency of the off-axis ECDL at this operating point was 38%

for the power measured without aperture. However, the power in the central lobe was 70%

from the overall power giving an electro-optical efficiency of 26.5%.

Influence of the resonator length: As stated before, the length of the external cavity was

limited to 40 mm by the mechanical components. However, the emission of such an ECDL

can depend strongly on the cavity length. In Fig. 5.12 the output power of the off-axis

ECDL emission as a function of the injection current is depicted for three different resonator

lengths. The measurement was performed with aperture in the outcoupling branch. By

increasing the distance between the grating and the diode laser, the laser threshold was

shifted to higher injection currents and the slope efficiency was decreased. At 60 mm

length the laser threshold was 760 mA and a maximum output power of 800 mW could be

achieved. At a resonator length of 80 mm, a threshold of 800 mA was observed and the

output power was 650 mW. Furthermore, saturation effects came into play which is caused

by thermal effects. Thus, the off-axis ECDL was investigated further with the shortest

possible length of 40 mm.
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Figure 5.12: Optical output power for three different resonator lengths of the off-axis ECDL as a

function of injection current measured behind the aperture.
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Spectrum and tunability: By changing the Littrow angle of the grating, the center wave-

length of the ECDL emission could be tuned. Figure 5.13 (a) shows the optical output power

of the off-axis ECDL emission as a function of the wavelength for four different injection

currents. At 2.0 A, the maximum of the output power is centered around 970 nm and shifts

to lower wavelengths with higher injection currents. A tuning range of 35 nm at FWHM

from 953 nm to 988 nm could be achieved at an injection current of 2.7 A. The total tuning

range was 50 nm from 945 nm to 995 nm.
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Figure 5.13: (a) Optical output power as a function of the center wavelength for four different injec-

tion currents. (b) Normalized spectra for different center wavelengths at an injection

current of 2.5 A.

Figure 5.13 (b) shows the normalized spectra at different center wavelengths at 2.5 A

injection current corresponding to the tuning curve. The spectra have been measured with

an OSA. Even at the edges of the tuning curve the side mode suppression was well above

30 dB. In all cases, bandwidths around 50 pm (FWHM) were obtained, which equals the

resolution limit of the used OSA.

A single spectrum close to the gain maximum at 969 nm is depicted in Fig. 5.14 (a). At

an injection current of 2.9 A, an optical output power of 1044 mW was measured. A side

mode suppression of better than 45 dB and a bandwidth of 50 pm was observed. By using

a Fabry Perot interferometer (FPI) with a free spectral range (FSR) of 8 GHz, a bandwidth

of < 80 MHz was measured. This is well below the resolution limit of the OSA and near

the resolution limit of the FPI.
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Figure 5.14: (a) Optical spectrum of the off-axis ECDL emission at an injection current of 2.9 A.

(b) Beat signal of ECDL and reference laser (∆νREF = 1 MHz) emission [75].
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For further investigation of the bandwidth, a heterodyne interference analysis was per-

formed. In this experiment the emission of a reference laser with a known bandwidth of

∆νREF = 1 MHz (SACHER LASERTECHNIK TEC 300-960-500) was used to interfere with

the emission of the off-axis ECDL. The beat signal depicted in Fig. 5.14 (b) was detected

using a photo diode and an electronic spectrum analyzer with a resolution of 40 kHz at a

measuring time of 1 ms (40 MHz/ms).

The beat signal had a width (FWHM) of ∆νBEAT = 2 MHz. By the known bandwidth

of the reference laser ∆νREF = 1 MHz, this results in a bandwidth of ∆νECDL = 1.73 MHz

for the ECDL emission. The measurement was made at an injection current of 2.9 A.

Compared to the free running diode with a bandwidth about 2 nm, this is an improvement

by five orders of magnitudes.

Near and far-field distribution: To obtain the near and far-field distributions, a pellicle

beam splitter was inserted into the ECDL. The near-field patterns were obtained by imaging

the front facet onto a CCD camera and the far-field distributions were measured with the

moving slit of the Beamscope.

The far-field intensity distribution of the off-axis ECDL at an injection current of

2.5 A is shown in Fig. 5.15 (b). The typical double lobed emission with two peaks at

αFB =±2.8◦ can be seen. As typical for asymmetric off-axis feedback, the feedback lobe is

suppressed while the outcoupling lobe has a higher intensity. The feedback side is located

on the left in both graphs, respectively.

The corresponding near-field distribution is depicted in Fig. 5.15 (a). The feedback

angle of αFB =2.8◦ corresponds to the lowest order out-of-phase supermode which has the

mode number L = N , whereas N = 40 is the number of emitters. Here, 38 emitters of the

40 emitters could be resolved which is presumably caused by the optical imaging system

that was used.
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Figure 5.15: (a) Far-field and (b) near-field intensity distribution of the off-axis ECDL operated at

the lowest order out-of-phase supermode.

5.2.2 Second order in-phase supermode

Following the discussion about array modes provided in chapter 3, other array supermodes

than the “native” lowest order out-of-phase supermode can be selected. Hadley et al. stud-

ied higher supermodes by injection locking [76]. However, if an array supermode is selected

that does not provide a phase shift ofmorder ·π between adjacent emitters, whereasmorder is

an integer, no satisfying results have been obtained. Thus, most studies of these arrays have
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been concentrated on the lowest order in-phase and out-of-phase supermode. Nevertheless

even higher array supermodes are possible as demonstrated by Epler et al. [77].

A special case is the second order in-phase supermode, whereas the mode number is

L = 2 · N . This mode is investigated in this subsection. In this case, a phase shift of

∆φ = 2π between the neighboring emitters is present. For the stripe-array amplifier with

an emission wavelength of 976 nm used in this work, this supermode corresponds to a

feedback angle of αFB =5.6◦ .

Output power and beam quality: The output power of the off-axis ECDL emission

measured without aperture in the outcoupling branch is depicted in Fig. 5.16 for two dif-

ferent feedback angles. The squares in the graph represent the lowest order out-of-phase

supermode as discussed before. The triangles represent the powers obtained with feedback

angle set to support the second order in-phase supermode. Compared to the smaller an-

gle, the threshold was shifted by 150 mA to 890 mA. Furthermore, the slope efficiency of

0.65 W/A was lower and the ECDL showed thermal rollover at about 2.3 A. A maximum

output power of 700 mW could be achieved at 2.4 A.

In this case, 450 mW were concentrated in the central lobe. With aperture, beam prop-

agation factors of M2
x = 1.58 in slow-axis and M2

y = 1.15 in fast-axis have been measured.

This gives a brightness of 26.1 MW/cm2-str which is more than two times lower than with

the smaller feedback angle.
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Figure 5.16: Optical output power of the off-axis ECDL emission for two different feedback angles.

The spectral behavior was about the same as with the smaller angle. At 2.4 A, the

wavelength was tunable between 940 nm and 990 nm and bandwidths below 50 pm have

been determined with the OSA.

Near and far-field distribution: The far-field distribution of the off-axis ECDL is de-

picted in Fig. 5.17 (a) at an injection current of 2.5 A. The typical double lobed emission

with two peaks at αFB =±5.6◦ was observed. As typical for asymmetric off-axis feedback,

the feedback lobe was suppressed while the outcoupling lobe had a higher intensity. The

feedback branch was located on the left side in both graphs, respectively.

The corresponding near-field distribution is shown in Fig. 5.17 (b). The feedback angle

of αFB =5.6◦ corresponded to the second order in-phase supermode or the mode number

L = 2 · N . In the near-field, 76 emitters could be resolved which corresponds to approxi-

mately an emitter number of 2 ·N . The measured intensity distribution with this feedback

angle was more asymmetric than in the lowest order out-of-phase supermode operation.
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Figure 5.17: (a) Far-field and (b) near-field intensity distribution of the off-axis ECDL operated at

the second order in-phase supermode.

5.2.3 Modeling the off-axis ECDL

External cavity feedback model: For the modeling of the off-axis ECDL, the same

model that was used for the simulation of the stripe-array diode laser has been applied.

This model includes a direct time domain numerical approach, which treats the gain guided

stripe-array as a broad-area resonator whose optical properties are modified by the injection

of carriers into each stripe. A traveling wave equation for two counterpropagating forward

(+) and backward (−) complex waves E±(t, z, x) along the propagation z direction was

used.

The model includes field diffraction along the lateral x axis (slow-axis). The effective

index method has been used to provide an effective refractive index in the (x, z) plane. To

model the carrier density profile and therefore the gain and index profiles along the longi-

tudinal z and lateral x plane, a carrier density equation including lateral carrier diffusion

was used. A Lorentzian gain dispersion was assumed in the modeling with an effective

polarization equation. Heating due to the injection of carriers at the contact stripes loca-

tions is included. The equations and parameters used for the simulations can be found in

section 3.2, where this model was used to simulate the stripe-array as diode laser (without

AR coated front facet).

To take into account the external off-axis feedback from the grating, it was assumed that

the optical field is reflected from a infinite plane mirror located at a distance ofDm = 40 mm

which is tilted by the angle αFB. The optical field EFB(t, x0) is reinjected into the stripe-

array through the front facet at a time t. The lateral input coordinate x0 is calculated by

using the Fresnel integral:

EFB(t, x0) =

√

1

iλ02D

w/2
∫

−w/2

E+(t− τ, l, x)e
−i2π

dist(x,x0)

λ0 dx. (5.1)

Here, τ = 2Dm

c0
is a fixed time delay given by the grating distance, λ0 is the central wave-

length, l is the length and w the width of the stripe-array amplifier. The term dist(x, x0)
represents the shortest distance between two lateral points x and x0 at the front facet of the

stripe-array which the light takes to travel via the reflection from the grating plane.

A first order approximation dist(x, x0) ≈ 2DM +(x+x0) sinαFB that neglects higher

order terms of order
(

x
2DM

)2 ≪ 1 was used. The wavelength selectivity of the grating is

modeled by applying a Gaussian spectral filter to the delayed time sequenceEFB(t−τ, x0).
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A bandwidth of ∆λ = 0.1 nm was used in the simulations. Such a narrow spectral filter was

required to obtain a stable single compound cavity mode CW operation.

Numerical results: With this model, the two cases of off-axis feedback to support the

lowest order out-of-phase mode and the second order in-phase mode were simulated.

Figure 5.18 (a) shows the calculated near-field distributions over the whole width of the

stripe-array for a feedback angle of αFB = 2.8◦. The phases of all emitters are depicted in

Figure 5.18 (b).

The near-field intensity distribution is relatively homogeneous showing ≈ 40 intensity

maxima with a nearly flat profile and equal comparable amplitudes. Just the outer emitters

have a slightly lower intensity than the inner emitters and a slight asymmetry due to the

asymmetric feedback can be guessed. Compared to the measured near-fields presented in

the last section (Fig. 5.15 (b)), the simulation showed very good qualitative agreement.

In Fig. 5.18 (c) the near-field distribution for four stripes of the same simulation is

zoomed in. The gray bars in this graph represent the contact stripes where the carriers are

injected through. The simulations show, that the field is concentrated underneath the stripes.

In Fig. 5.18 (d) the phases are zoomed in for four of the stripes. A phase shift of π
between the fields concentrated underneath the emitters can be observed. This agrees well

with the supermode theory discussed in section 3.1.2, since the supermode L = 40 should

lead to a coupling of the emitters with a ∆φ = π phase shift.

In Fig. 5.19 (a), the corresponding calculated near-field distributions for a feedback
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Figure 5.18: Calculated near-field intensity distribution (a) and phases (b) for the lowest order out-

of-phase mode αFB = 2.8◦for all 40 stripes, (c) shows the near-field intensity distribu-

tion and (d) the phases for four of the stripes. The vertical bars indicated the location

of the contact stripes. (With permission of M. Lichtner)
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angle of αFB = 5.6◦ are shown. Here, the near-field profile is not homogeneous and pos-

sesses varying amplitudes with a dip where the light is reinjected. In good agreement to the

measurement shown in Fig. 5.17 (b), ≈ 80 intensity maxima were found.

In Fig. 5.19 (c), four stripes are zoomed in. For this feedback angle, the field is not fully

concentrated underneath the stripes. Rather, a strong field maximum is located between the

contact stripes. Thus, the presence of leaky waves and a strong antiguiding effect leads to

the creation of a virtual emitter between the physical contact stripes. The consequence is the

bisection of the emitter distance and the doubling of the number of field maxima compared

to the number of contact stripes.

The zoomed in graph for the phases (Fig. 5.19 (d)) show a phase shift of ∆φ = 2π be-

tween the fields beneath the contact stripes. However, neighboring emitters (or field max-

ima, respectively) are lasing with a π phase shift. Since the distance between the field max-

ima is halved, the angle of the farfield peaks is doubled as in the experiment. At αFB = 5.6◦,

not all field maxima are located exactly beneath the pumped regions. Thus, the area of the

emitters divided by the area of the stripes is reduced and the conversion of carriers into pho-

tons is reduced due to stimulated recombination and spatial hole burning. Correspondingly,

an optical power drop of about 50% was observed in the simulations which also agrees with

the measured data.

The calculated far-fields are shown in Fig. 5.20 (a) for αFB = 2.8◦ and (b) for αFB = 5.6◦.

As expected by the theory and the measurements feedback and off-axis angle are the same

and both calculated far-fields show the characteristic asymmetric distribution. The lower
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Figure 5.19: Calculated near-field intensity distribution (a) and phases (b) for the second order in-

phase mode (αFB = 5.6◦) for all 40 stripes, (c) shows the near-field intensity distribu-

tion and (d) phases for four of the stripes. The vertical bars indicated the location of

the contact stripes. (With permission of M. Lichtner)
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Figure 5.20: Calculated far-field intensity distribution for (a) the lowest order out-of-phase super-

mode at αFB = 2.8◦ and (b) the second order in-phase supermode at αFB = 5.6◦.

peaks represent the grating position or the incident field, respectively. Both show good

agreement with the measured far-fields (Fig. 5.15 (a) and Fig. 5.17 (a)).

5.3 Summary

In this chapter, the longitudinal mode selection and stabilization of stripe-array amplifiers

was studied. In the first section, an on-axis Littrow ECDL with arbitrary angular feedback

was used. High output powers in combination with wavelength stabilization and narrow

bandwidth emission could be realized. At the maximum output power of 6.8 W, a band-

width below 100 pm was determined and the center wavelength was tunable over a range

of more than 40 nm. However, because of the lack of transversal mode selectivity of the

external cavity, no specific array supermode could be stabilized in lateral direction. Thus,

the beam quality along the slow-axis remained as poor as for the free running stripe-array

diode laser. Therefore, the on-axis ECDL is not suitable for nonlinear application like SHG.

Nevertheless, a demand for such laser systems exists. It can be applied for the pumping of

advanced solid state lasers or alkali vapor lasers as an alternative to volume Bragg grating

stabilized BA lasers and laser bars.

Following the investigations made in chapter 4, an asymmetric off-axis Littrow ECDL

with a high angular selectivity was developed to realize a stabilization of an array super-

mode. By realizing a π phase shift between neighboring emitters, the lowest order out-

of-phase mode corresponding to αFB = 2.8◦ at λ = 976 nm was selected. The near field

pattern showed a homogeneous distribution. The far-field showed an asymmetric double

lobed distribution, whereas each lobe was nearly diffraction limited.

With the stripe-array stabilized in this supermode, emission with high brilliance could

be realized. Near diffraction limited emission with an output power of more than 1 W

could be achieved. The slow-axis beam quality could be improved from about M2
x ≈ 60

to M2
x ≈ 1.5, while in fast-axis a beam quality of M2

y ≈ 1.17 was measured. This

gives a brightness of B = 62.5 MW/cm2-str. Furthermore, wavelength stabilization and a

large tuning range of more than 35 nm was obtained. The bandwidth was measured to be

1.73 MHz which is more than five orders of magnitudes better than for the free running

stripe-array diode laser without external cavity. However, some limitations were observed.

Compared to the on-axis ECDL, the threshold was shifted to higher injection currents, the

slope efficiency was lower and thermal rollover started at lower injection currents. This is
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mainly caused by heating of the stripe-array amplifier. Furthermore, higher lateral modes

arose at higher injection currents. This limited the output power in the central lobe and lead

to a degradation of the beam quality. This behavior is attributed to current spread and the

presence of leaky waves. Thus, the stripe-array will behave rather similar to a standard BA

device because the current spread smears out the stripe pattern. Since the external cavity

only supports a certain lateral mode, this can be the reason for the heating of the device.

By operating the stripe-array amplifier at a feedback angle of αFB = 5.6◦, the second

order in-phase mode (L = 2N ) could be stabilized. This resulted in a doubling of the

number of intensity maxima in the near-field. A similar effect was observed by Epler et

al. [77], where an on-axis external grating cavity and an AR-coated 10 element stripe-array

was investigated. They could operate the array in the L = 2N supermode by detuning the

wavelength of a stripe-array. Although this supermode was found to be stable in the present

work, the output power was significantly lower than with the lowest order in-phase-mode.

Furthermore, the beam quality was degraded and the off-axis ECDL was stronger limited

by thermal effects compared to the other supermode investigated.

To explain the experimental results, the numerical model presented in the third chapter

was extended with a feedback model in cooperation with the WIAS-Berlin. The calcu-

lated far and near field distributions showed a good agreement with the measurements. If

feedback was applied at the native out-of-phase array supermode the field was concentrated

beneath the stripes and the field inside the chip was homogeneous. If the feedback angle was

increased in the model, field strength inside the chip was also present between the stripes.

This behavior can be explained by the presence of leaky waves and a strong antiguiding

effect. Thus, the stripe-array behaves similar to a BA device under certain circumstances.

The model was useful for the interpretation of several of our experimental observations.

The values reported here represent the highest brightness achieved with a wavelength

stabilized BA or stripe-array diode laser or amplifier. Chang-Hasnain et al. used an off-axis

external cavity with a stripe mirror and a 10 element stripe-array and could realize 140 mW

diffraction limited output power [7]. Later, higher powers of up to 400 mW with M2 = 1.03

have been demonstrated by Raab et al. with a 20 element stripe-array [65]. However, no

wavelength stabilization or bandwidth narrowing was realized in these attempts. Raab et

al. used a grating stabilized ECDLs utilizing off-axis feedback and could achieve up to

380 mW with M2 < 1.05 and a bandwidth of 0.02 nm with a 20 element stripe-array [64].

Samsoe et al. could achieve up to 400 mW near diffraction limited emission with M2 ≈ 3.6

and ∆λ < 0.08 nm [66, 78] with a BA diode laser in a Littman ECDL. Løbel et al. used

additional phase conjugating crystals and could realize up to 465 mW with M2 ≈ 1.5 and

∆λ < 0.03 nm with a 10-element stripe-array [79].

In summary, high brilliance emission from a stripe-array amplifier could be realized

by investigating the physical characteristics theoretically and experimentally. As a result

an off-axis ECDL was developed. Due to the good lateral beam quality and the narrow

bandwidth of emission it is possible to utilize this off-axis ECDL as pump laser for the

nonlinear frequency conversion. Furthermore, the off-axis ECDL setup stands out by its

simplicity and compactness. It consists of only four optical components (or five considering

the optional aperture). The resonator length was 40 mm and a footprint of 60 mm x 50 mm

could be realized.
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Chapter 6

Second harmonic generation

In the first part of this thesis, the selection and stabilization of the longitudinal and transver-

sal modes of BA and stripe array amplifiers was investigated with external cavities. One

aim of this work was to realize tunable, wavelength stabilized high brightness emission

from these devices.

The second goal pursued in this thesis was the application of diode laser systems to

nonlinear frequency conversion. With the stripe-array operated in the off-axis ECDL, more

than 1 W of near-diffraction limited output power with a bandwidth below 2 MHz was

achieved. This qualifies this newly developed ECDL device for the efficient generation of

visible radiation by frequency doubling.

In this chapter, the foundations of SHG will be discussed briefly for the orientation of

the reader. This includes phase-matching, nonlinear material properties, limitations and

damage mechanisms as well as the requirements to achieve a high nonlinear conversion

efficiency.

SHG was first demonstrated in 1961 by Franken et al. [80] and is the most exploited

nonlinear process to date. Since the availability of periodically poled nonlinear materials

have opened the door for efficient frequency doubling using diode lasers as pump sources,

the emphasis is laid on these new materials.

6.1 Nonlinear polarization

The polarization P inside a dielectric medium is described as the sum of the linear and all

nonlinear polarization components of the n-th order with the susceptibilities χ of the n-th

order:

Pres =
∑

n

Pn = ε0

∑

n

χ(n)En. (6.1)

The following sequence is obtained:

Pres = ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + ε0χ

(4)E4 + · · · . (6.2)

As stated before, only second order processes will be discussed here so only the first two

terms on the right hand side of this equation are of interest. A monochromatic wave

E(ω) = E0e
−iωt + c.c. with a high intensity will induce a polarization wave inside a di-

electric nonlinear medium with a second order susceptibility χ
(2)
ijk. The polarization will

read:

Pi = ε0

∑

j

χ
(1)
ij Ej(ω) + ε0

∑

jk

χ
(2)
ijkEj(ω)Ek(ω), (6.3)
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whereas the right term is the second order polarization. For the monochromatic wave E(ω)
the second order polarization will read after a trigonometric transformation:

P
(2)
i = 2 · ε0

∑

jk

χ
(2)
ijkE0,jE0,k cos(2ωt) + 2 · ε0

∑

jk

χ
(2)
ijkE0,jE

∗

0,k. (6.4)

Here, the left term is the second harmonic and the right term the optical rectification. This

polarization wave is the source for the second harmonic light wave.

Since several simplifications can be made in the case of SHG, the second order nonlin-

earity is mostly described in the contracted notation by the dil coefficient: 2 · dil = χ
(2)
ijk

(see appendix A.1). Depending on the propagation direction of the participating fields to

the corresponding axis of dil, an effective nonlinear coefficient deff is used in most cases

[81].

6.2 Quasi phase-matching

In a second order nonlinear process three waves participate. The law of the conservation

of energy demands for the following relationship concerning the frequencies of the three

waves:

ω1 + ω2 = ω3. (6.5)

The phase-mismatch ∆k describes the deviation between the wave vectors:

∆k = k1 + k2 − k3 (6.6)

For the special case of SHG with k1 = k2 = kFUN and k3 = kSHG this can be simplified to:

∆k = kSHG − 2kFUN (6.7)

and the phase-mismatch ∆k becomes zero at:

nFUN = nSHG. (6.8)

Phase-matching can be realized by using birefringent material [82].

If the phase-mismatch ∆k between the participating waves in a nonlinear process is not

zero, the intensity of the generated light will oscillate with a certain length Lc called the

coherence length of the crystal. Up to Lc, the energy of the fundamental wave will flow

into the second harmonic wave. At longer distances than Lc, destructive interference will

occur and the SHG intensity will decrease to zero at 2Lc. The coherence length Lc is linked

to the phase-mismatch ∆k by:

Lc =
π

|∆k| . (6.9)

For perfect phase-matching with ∆k = 0 the coherence length will become infinite and the

energy of the pump wave will completely flow into the second harmonic.

The concept behind quasi phase-matching (QPM) is that the crystal domain is reversed

periodically at the coherence length, so that destructive interference between the participat-

ing waves will not occur [83]. Rather, the phase of the generated nonlinear polarization

wave will be shifted by π at the domain inversion boundary. The conversion process will be

initiated again, leading to constructive interference. This is illustrated in Fig. 6.1 for SHG,

showing the intensities for all three cases: perfect phase-matching (red line), no phase-

matching (black line) and quasi phase-matching (green line).
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Figure 6.1: SHG intensity as a function of the coherence length Lc for perfect phase-matching (red

line), quasi phase-matching (green line) and no phase-matching (black line). The arrows

indicate the orientation of the domains of a periodically poled crystal.

The spatial period ΛQPM for QPM is given by:

ΛQPM = 2Lc =
2π

∆k
. (6.10)

It can be derived for the refractive indices of the participating waves by:

1

ΛQPM

=
nSHG

λSHG

− 2nFUN

λFUN

. (6.11)

The efficiency of QPM is lower compared to perfect PM and the resulting d coefficient

dil,QPM is reduced by a factor of 2/π:

deff,QPM = morder ·
2

π
deff , (6.12)

where morder is the QPM grating order.

However, this drawback is outweighed by several other advantages of QPM compared

to birefringent phase-matching: Birefringent phase-matching is not possible for copolarized

waves which limits the accessible nonlinear coefficients dil (see appendix A.1). However,

the nonlinear coefficients where copolarized waves participate are usually very high. For

example the d33 coefficient in lithium niobate is ≈ 28.4 pm/V and can only be accessed

with QPM. This is nearly seven times higher than the d31 coefficient ≈ 4.3 pm/V, which

is used with birefringent phase-matching. Additionally, spatial “walk-off” can be avoided

completely at QPM, which makes long interaction lengths feasible. A detailed investigation

on SHG with QPM materials is given in [84], a review of several QPM processes and

materials can be found in [85].

6.3 Nonlinear materials for QPM

The idea of quasi phase-matching is as old as birefringent phase-matching [82] and was pro-

posed by Armstrong et al. in 1962 [83]. The first QPM material was successfully demon-

strated by Bloembergen 1970 by growing alternating layers of GaAs and GaP for SHG of

CO2 lasers [86].

The first attempt for frequency doubling to the visible using ferroelectrics was done by

Feng et al. 1980 [87] and later the principle of periodically poling of ferroelectrics was
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established [88]. In a ferroelectric crystal there exists a small electric dipole moment below

the Curie temperature which is caused by a slight offset in the position of the ions in its unit

cell. One possibility to reverse the domain direction is applying an intense electric field of

(≈ 20 kV/mm) to the crystal. First order poled ferroelectrics for frequency doubling to the

blue spectrum were first demonstrated in 1993 [89]. A schematic drawing of a periodically

poled crystal is shown in Fig. 6.2.

6.3.1 Periodically poled ferroelectrics

The three most commonly used ferroelectrics for the manufacturing of QPM crystals are

periodically poled lithium niobate (PPLN), periodically poled lithium tantalate (PPLT) and

periodically poled potassium titanyl phosphate (PPKTP).

Lithium niobate LiNbO3 (LN) is the most widespread and versatile material among the

ferroelectrics used for frequency conversion and QPM applications. It is transparent from

320 nm to about 4.6 µm. Besides the high second order nonlinearity of d33 ≈ 28.4 pm/V

[90], it possesses high electro-optical and acousto-optical coefficients.Thus, it is also used

for electro-optical switches such as Pockels cells, Q-switches and phase modulators. The

damage threshold is in the range of 300 MW/cm2 [91]

The coercive field of congruent LN is ≈ 22 kV/mm [92], which leads to a limited

substrate thickness of about 500 µm. The coercive field reduces at elevated temperatures

(250◦C), by magnesium oxide (MgO) doping [92] and by using stoichiometric LN. With

these techniques, poling of up to 5 mm thick substrates have been realized [93].

The achievable intensity of the SHG light is mainly limited by photo-refractive effects,

which can be suppressed by MgO doping. Poling periods as short as 1.4 µm for SHG at a

wavelength of 340 nm have been demonstrated [94].

Lithium tantalate LiTaO3 (LT) has a nonlinear coefficient of d33 ≈ 15.1 pm/V. The trans-

parency of LT reaches deeper into the UV spectrum with 275 nm [95] and the shortest SHG

wavelength achieved with PPLT is 325 nm [96]. The shortest period reported for first order

QPM is 1.3 µm resulting in efficient SHG of light at 336 nm [97].

The coercive field of congruent LT is ≈ 21 kV/mm, but is reduced for stoichiometric

crystals (≈ 1.7 kV/mm) [98]. This promises the poling of much thicker crystals. So far,

3 mm thick samples have been reported [99]. Furthermore, near stoichiometric lithium

tantalate shows low susceptibility to photo-refraction and can be used for high power visible

light generation near room temperature [100].

Potassium titanyl phosphate KTiOPO4 (KTP) is also used as material for electro-optical

modulators and directional couplers. It is transparent from 360 nm to 2.7 µm [101] and has

a nonlinear coefficient of d33 ≈ 18.5 pm/V [102]. Non-poled KTP bulk material was mainly

used for intracavity SHG of solid state lasers, because it possesses a higher optical damage

threshold than LN and LT of 10 GW/cm2 [103, 104].

KTP shows nearly no photo-refractive effects even at room temperature. Furthermore,

the wavelength acceptance bandwidth is larger and therefore the temperature tuning curve

is broader than in LN and LT [105]. Thus, the requirements for the temperature controller

are more relaxed compared to the other two materials.

However, KTP tends to a kind photo darkening or photochromic damage that is called

gray tracking [106] which is usually a reversible process, but also permanent damage might
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Figure 6.2: Sketch of a periodically poled crystal. Arrows indicate the orientation of the ferroelec-

tric domains.

occur at high peak powers. This effect occurs mainly in pulsed operation at very high peak

powers and depends on the pulse length and the repetition rate. Gray tracking is not likely

in cw operation, even not in waveguide devices.

6.3.2 Waveguides and waveguide fabrication

QPM materials are available as bulk crystals or with channel and planar waveguide struc-

tures. In a bulk crystal no optical confinement or index step is realized. In a planar wave-

guide the optical confinement is realized in only one dimension, while in a channel wave-

guide this is realized in two dimensions, as shown in Fig. 6.3. Beside their relevance in

integrated optics (e.g. for telecommunication), those waveguides are of importance for

frequency conversion. The early work for obtaining blue light with QPM structures was

actually based on planar waveguides because of the limitation of the domain inversed layer

thickness [88]. Nowadays high quality crystals with lengths > 30 mm are commercially

available with channel waveguides.

Proton exchanged waveguides Waveguides in LN and LT crystals can be fabricated by

proton exchange [107, 108]. During proton exchange the substrate is immersed into benzoic

or pyrophosphoric acid. The lithium ions inside the crystal are exchanged with protons in

the melt, resulting in a proton-enriched surface layer. The index profile with ∆n ≈ 0.1 is

step like and a waveguide for one polarization with strong optical confinement is formed.

In principle this will lead to a planar waveguide over the whole width of the sample. To

obtain a channel waveguide a further mask (e.g. made out of silica) has to be applied, so

that the proton exchanged region has the appropriate width of a few µm.

However, the proton exchanged layer will show a dramatically decrease of the second

order nonlinearity. This can be overcome by annealing, whereby the protons will diffuse

deeper into the substrate. Annealed proton exchange results in the recovery of the non-

linear coefficient. However, with this technique an asymmetric index profile is formed,

which can be avoided by rediffusion of lithium ions into the surface layer of the substrate.

This is possible by immersing the sample into a melt with high lithium concentration, so

Figure 6.3: Waveguides in nonlinear crystals.
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that the protons will diffuse out of the surface layer and will be replaced by lithium ions.

This method is called reverse proton exchange and will result in a buried waveguide with

symmetric index profiles and low losses [109].

Ion exchanged waveguides Ion exchange is used to obtain optical waveguides in KTP.

Here rubidium ions are diffused through a mask into the substrate for several tens of minutes

at temperatures around 300 ◦ C [110]. The optical damage resistance of ion-exchanged KTP

waveguides was reported to be very high compared to LN waveguides [111].

Ridge waveguides Ridge waveguides are manufactured by poling a thin substrate and

adhering it to a bulk substrate. In a second step the substrate is polished to a few µm

thickness for optical guidance in one dimension resulting in a planar waveguide. The ridge

itself can be manufactured by an etching process [112] or by micro-machining, e.g. with a

diamond blade saw [113]. Poling of the ridge waveguide after adhering has been reported

as well [114].

6.3.3 Limitations and damage mechanisms

Photo-refraction The most limiting issue for frequency conversion in ferroelectrics is

photo-refraction [115], which causes a QPM wavelength shift, degradation of the SHG out-

put power and can lead to severe beam distortions. It was shown experimentally that this

effect can be suppressed by operating the QPM materials at elevated temperatures [116] or

by doping the material with MgO or ZnO [117, 118]. In both cases, the reduction is a con-

sequence of the screening of the induced space charge field due to the higher conductivity.

An explanation for the photo refractive effect is that impurities in the crystal such as

Fe3+ ions can absorb light and a free carrier will be photoexcited into the conduction band.

At the same time an electron hole is generated and the conductivity will increase. The free

electron in the conduction band can diffuse throughout the crystal and might recombine

with one of the holes. A photovoltaic current will flow because of the noncentrosymmetric

structure of the crystal. This space charge field will lead to a change of the refractive index

due to the electro-optical effect.

Induced absorption Furthermore, induced absorption of infrared light was observed in

ferroelectrics when they were illuminated by short wavelength radiation. The so called

green induced infrared absorption [119] and blue light induced infrared absorption [120]

are highly unwanted effects, especially for frequency doubling to the visible. Both effects

result in an additional heating of the material and cause a disturbance of the QPM structure.

It can even cause a thermal lens inside the crystal.

One reason for the induced absorption is that color centers due to polarons, which are

possibly caused by two-photon absorption, will arise. In most cases these effects are re-

versible, but permanent photochromic damage can occur when the material is illuminated

over a long time. Polarons are also responsible for the gray tracking in KTP. Beside the

suppression of photo-refractive effects and induced absorption by doping it was observed

that both effects are far less pronounced in stoichiometric structures.
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6.4 Second harmonic conversion efficiency

6.4.1 Bulk crystals

Focusing of Gaussian beams into a nonlinear bulk crystal: The high intensities that

drive the nonlinear processes originate typically from laser beams. Thus, in most cases the

field distribution is Gaussian shaped. Although the intensity of the generated wave depends

strongly on the intensity of the applied field, it is also important to have a long interaction

length for efficient conversion. In practice, a trade off between strong focusing to get a

high peak intensity and loose focusing to maintain a high average intensity over a long

interaction length has to be made (Fig. 6.4).

Figure 6.4: Focusing of a Gaussian beam in a nonlinear crystal.

Boyd and Kleinman have analytically investigated this problem for a Gaussian beam inside

a bulk nonlinear crystal [121]. For low conversion efficiencies, the output power of the

generated wave will depend quadratically on the power of the fundamental light and scale

linearly with the crystal length:

PSHG =
16π2d2

effL

nFUNnSHGc0ε0λ3
FUN

P 2
FUNh (Bwo, ξ, σ) . (6.13)

Where h (Bwo, ξ, σ) is the focusing function that depends on the focusing parameter or the

confocal parameter:

ξ =
L

b
,

the spatial “walk-off” factor:

Bwo = ϕ
√

LkFUN/2,

and the phase-matching:

σ = b∆k/2.

The factor b is twice the Rayleigh length:

b = 2 · zR =
2 · π · n · w2

0

λ
,

L is the crystal length and the ϕ is the spatial “walk-off” angle .

For the case of QPM no spatial “walk off” occurs. In this case, the h-function will has

its maximum of h = 1.07 at ξ = 2.84 and the optimum beam waist radius becomes:

w0 =

√

λ · L
2 · 2.84 · π · n. (6.14)
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Confocal focusing where ξ = 1 and therefore b = L is also very commonly used. In this

case, h will become 0.78 with the cost of ≈ 27% conversion efficiency. However, due to the

more loose focusing, the peak intensity in the material is lower which can shift the onset

of photo-refractive effects or induced absorption to higher pump powers. Again a trade off

has to be made: If the system is limited by photo-refractive or induced absorption confocal

focusing should be considered. Otherwise, tighter focusing following the Boyd Kleinman

analysis should be chosen.

The equation 6.13 can be simplified by introducing the conversion efficiency ηbulk with

units %/W ·cm:

PSHG = ηbulk · P 2
FUN · L. (6.15)

The low power approximation is only useful up to opto-optical conversion efficiencies

of ηopto ≈ 15%, otherwise pump depletion has to be taken into account giving:

PSHG = PFUN · tanh2
(

√

ηbulk · L · PFUN

)

. (6.16)

The use of non-diffraction limited beams However, if non-diffraction limited beams

with beam propagation factors of M2 > 1 are used, the SHG conversion efficiency will be

lower. As a rule of thumb the impact of the pump laser beam quality on the achievable SHG

output power can be estimated by:

PSHG ≈ ηbulk ·
P 2

FUN

M2
x ·M2

y

. (6.17)

The influence of the beam propagation factor on the SHG conversion efficiency and the

Boyd-Kleinman focusing conditions for non-diffraction limited, astigmatic and elliptic

beams has been studied in detail in [122, 123].

6.4.2 Waveguides

In a nonlinear waveguide with strong optical confinement, the intensity of the pump wave

will be high over a long distance. Thus, very high conversion efficiencies and long inter-

action lengths are possible. Moreover, no compromise between interaction length and peak

intensity in the focus has to be made. On the other hand, a waveguide demands for sophis-

ticated coupling optics and coupling losses can become very high. Due to the high power

densities inside the waveguide, photo-refractive effects and induced absorption have to be

taken into account as possible limitations.

In a waveguide the generated power depends quadratically on the length L of the crystal

and the fundamental power and the case of pump depletion has to be considered. Equation

6.16 then becomes:

PSHG = PFUN · tanh2
(

√

ηwg · PFUN · L2

)

, (6.18)

with the waveguide conversion efficiency ηwg (with units %/W·cm2).

6.4.3 Wavelength and temperature acceptance bandwidth

Since QPM is most commonly realized as noncritical phase-matching, the crystal tempera-

ture has to be controlled with a precision of ≈ 0.1K. The so called temperature acceptance
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bandwidth ∆T (FWHM) is [84]:

∆TFWHM =
0.4429 · λpump

L

∣

∣

∣

∣

∣

(

∂nFUN

∂T
+
∂nSHG

∂T

)

− αL (nFUN − nSHG)

∣

∣

∣

∣

∣

−1

, (6.19)

with the pump laser wavelength λpump and the linear expansion coefficient αL. The refrac-

tive indices can be calculated using the Sellmeier equations.

Furthermore, the conversion efficiency depends on the wavelength acceptance band-

width ∆λCrystal of the crystal, which is inversely proportional to its length L. With the

pump laser wavelength λpump the wavelength acceptance bandwidth reads [84]:

∆λCrystal =
0.442 · λpump

L

∣

∣

∣

∣

∣

nSHG − nFUN
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+
∂nFUN
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+
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∣
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−1

. (6.20)

If the pump laser bandwidth exceeds the wavelength acceptance bandwidth or the crystal

temperature is not precisely controlled, the conversion efficiency will be lowered. If the

pump wavelength is slightly shifted from the ideal QPM wavelength λQPM the SHG output

power will be lower following a sinc function [105]:

PSHG = PSHG,ideal · sinc

[

0.08858π

(

λpump − λQPM

∆λCrystal

)]

. (6.21)

This is only valid if the laser has a negligible bandwidth. However, in practice a laser has a

certain bandwidth that can be close or even exceed the acceptance bandwidth of the crystal.

The deviation from the ideal SHG output power if light with a broader bandwidth is used

was investigated by Kontur et al. [105]. The resulting SHG output power as a function of

the ratio between the laser bandwidth ∆λLaser and the acceptance bandwidth of the crystal

∆λCrystal is depicted in Fig. 6.5.
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Figure 6.5: SHG output power as a function of the ratio between the bandwidth of the laser and the

wavelength acceptance bandwidth of the nonlinear crystal following [105].
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Chapter 7

Efficient frequency doubling of high

brilliance diode laser emission

As stated before not all emission wavelengths, especially in the visible can be realized

directly with diode lasers. A huge gap in the visible spectrum between 480 nm and 630 nm

exists where no efficient laser light from diode lasers is available.

Frequency doubling is a common way to generate laser radiation where lasers are not

readily available. To achieve a high conversion efficiency, high power densities are neces-

sary for this nonlinear process. Furthermore, the bandwidth of the pump laser light has to be

below the acceptance bandwidth of the nonlinear crystal, as presented in the previous chap-

ter. Because of the high requirements on the pump laser emission, mainly diode pumped

solid state lasers [124], optically pumped semiconductor disk lasers [125] and fiber lasers

[126] have been used to pump SHG. The brightness and the spectral purity of cw diode laser

emission was not sufficient. However, because of the outstanding electro-optical efficiency

of diode laser emission the direct frequency doubling of edge emitting diode lasers was

attempted. The first frequency doubling using a diode laser was performed by Edmonds

et al. [127] with a gain switched narrow stripe laser diode and an α-iodic acid crystal in a

resonator enhanced SHG setup. With 1 W fundamental power, enhanced to 4.5 W inside

the SHG cavity, 15 µW blue light at 452 nm were generates. The opto-optical conversion

efficiency was 10−5.

With the emerging of highly efficient periodically poled nonlinear materials that make

use of QPM, SHG has become possible with cw emission at moderate pump powers. Since

those periodically poled materials are also available as waveguides, it is also possible to

achieve efficient high conversion efficiencies with relatively low pump powers in a single

pass setup. The single pass configuration is less susceptible to external influences than

resonant SHG. Furthermore, it has certain advantages like easy modulation capability of the

generated light. However, pump laser emission with a high brilliance and highly efficient

nonlinear materials are still required. Since the off-axis ECDL developed in the first part of

the thesis yields 1 W emission with a very good spatial mode quality and narrow bandwidth,

this device is qualified as pump source for single pass SHG.

In the first section of this chapter, the crystals used in this work are characterized. PPLN

and PPKTP were chosen as nonlinear material. In the second section, the experimental

results with the off-axis ECDL will be presented. To evaluate the performance of the off-

axis ECDL, SHG was performed with a tapered amplifier (TA) ECDL and a DFB ridge

waveguide diode laser. The results will be discussed in sections 7.3 and 7.4, respectively.
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7.1 Characterization of the nonlinear crystals

For the frequency conversion experiments performed in this thesis four different nonlinear

crystals have been utilized. A picture of the four crystals is shown in Fig. 7.1. From left to

right: A 40 mm and a 10 mm long bulk PPLN crystal, a 10 mm PPLN waveguide crystal

and a 12 mm long PPKTP waveguide crystal.

Figure 7.1: Picture of the four nonlinear periodically poled crystals that have been investigated in

this work. From left to right: 40 mm bulk PPLN, 10 mm bulk PPLN, 10 mm waveguide

PPLN and 12 mm waveguide PPKTP.

All four crystals have been designed for type-0 QPM SHG at a wavelength of 488 nm.

Thus, in all cases copolarized waves along the z-axis of the crystals were involved to ex-

ploit the high d33 coefficient of the materials. The wavelength and temperature acceptance

bandwidths of the different crystals presented in the following subsections have been mea-

sured using a DFB ridge waveguide diode laser. This DFB diode laser showed a linear

temperature tuning behavior with a coefficient of 82 pm/K. The temperature of the diode

laser could be controlled with a precision of < 10 mK giving a theoretical resolution of

better than 0.82 pm. A detailed characterization of this laser can be found in section 7.4.

The calculated and measured values are listed in table 7.1 at the end of this section.

PPLN bulk crystals

The two bulk PPLN crystals were manufactured by HCPhotonics, Tawain, from the same

wafer. Congruently grown z-cut LN with 5% MgO doping was used. The poling period

was 5.26 µm to achieve QPM for SHG at a temperature of ϑ ≈ 40-50◦ C for the design

wavelength of 488 nm. Two samples with sizes of 10 x 3 x 0.5 mm3 and 40 x 3 x 0.5 mm3

were fabricated. To avoid back reflection and Fresnel losses, both facets were flat polished

and a double AR coating was applied for fundamental and pump wavelength, respectively.

The reflectivities were determined to be R < 0.25% at 976 nm and R < 0.50% at 488 nm

for vertical incident light.

The SHG output power using the 10 mm long PPLN bulk crystal is depicted in

Fig. 7.2 (a) as a function of the crystal temperature. The pump wavelength was 976.6 nm.
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Figure 7.2: Temperature (a) and wavelength (b) acceptance bandwidth of the 10 mm long PPLN

bulk crystal. The solid line indicates the theoretically expected sinc2 function.

The temperature acceptance bandwidth at FWHM was determined to be ∆T = 2.05 K. To

achieve 90% of the peak conversion efficiency the crystal temperature has to be stabilized

with a precision of 0.8 K. In Fig. 7.2 (b) the SHG output power using the 10 mm long

PPLN bulk crystal as a function of the pump wavelength is depicted for a constant crys-

tal temperature of ϑ = 51.0◦C. The wavelength acceptance bandwidth at the FWHM was

∆λ= 162 pm. The solid line indicates the theoretical sinc2 function.

The corresponding measurements using the 40 mm long PPLN bulk crystal are depicted

in Fig. 7.3 (a) and (b), respectively. The wavelength acceptance bandwidth at the FWHM

was ∆λ= 39 pm for a pump wavelength of 976.2 nm. The temperature acceptance band-

width at FWHM was ∆T = 0.51 K. The crystal temperature was ϑ = 50.5◦C. Both values

are a factor four smaller than with the four times shorter crystal, which matches well to the

predicted inversely proportional scaling with the crystal length.

The data supplied by the manufacturer were ∆T = 2.10 K for the 10 mm long and

∆T = 0.62 K for the 40 mm long PPLN crystal. From the equations 6.19 and 6.20 the-

oretical values of ∆λ= 192 pm·cm and ∆T = 2.01 K·cm were calculated for 5% MgO

doped congruent LN at an operating temperature of 60◦ C. While the calculated data for the

temperature acceptance matched well with the measured data, the measured wavelength

accpetance bandwidth was lower than the theoretical values following the Sellmeier coeffi-

cients given in [128].
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Figure 7.3: Temperature (a) and wavelength (b) acceptance bandwidth of the 40 mm long PPLN

bulk crystal. The solid line indicates the theoretically expected sinc2 function.
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PPLN waveguide crystal

The PPLN waveguide crystal had a length of 10 mm and was also manufactured by HCPho-

tonics using 5% MgO doped z-cut congruent LN. The poling period was chosen to be

5.0 µm to realize QPM for SHG at 488 nm at higher temperatures of ϑ > 100◦ to avoid

photo refraction. Buried waveguide channels with a width of 5 µm and a height of 3 µm

have been applied to the crystal by a reverse proton exchanged process as described in

section 6.3.2. The crystal had the same AR coating as the bulk PPLN crystals.

The SHG output power using this crystal is depicted in Fig. 7.4 (a) as a function of

the crystal temperature. The pump wavelength was 974.8 nm. The temperature acceptance

bandwidth at FWHM was determined to be ∆T = 1.55 K. To achieve 90% of the peak

conversion efficiency the crystal temperature has to be stabilized with a precision better

than 0.4 K. In Fig. 7.4 (b) the SHG output power using the 10 mm long PPLN waveguide

crystal as a function of the pump wavelength is depicted for a constant crystal temperature

of ϑ = 133.5◦ C. The wavelength acceptance bandwidth at the FWHM was 134 pm. These

values are slightly lower than the data measured using the bulk crystal of the same length.
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Figure 7.4: Temperature (a) and wavelength (b) acceptance bandwidth of the 10 mm long PPLN

waveguide crystal. The solid line indicates the theoretically expected sinc2 function.

PPKTP waveguide crystal

The PPKTP waveguide crystal used in this work was provided by ADVR-Inc, Montana,

USA. It was fabricated using photo-lithography on a flux grown, z-cut KTP wafer. A direct

contact mask designed for 4 µm wide channel waveguides was used to pattern a layer of

aluminum onto the +z surface of the wafer. The wafer was diced into 2.25 mm x 12 mm

chips and the optical surfaces were angle polished. The chip was placed in a molten bath

of rubidium salt at a temperature of 400◦ C for 120 minutes, where the bare areas of the

patterned surface underwent ion exchange. In this process, rubidium ions were diffused

into the KTP and the potassium ions were replaced to a depth of around 4-9 µm. During

ion exchange, a surface index step of approximately ∆n = 0.02 relative to the surrounding

KTP was formed. The periodic domain grating with 7 µm period was designed for SHG

near room temperature (ϑ ≈ 28◦) and applied after the manufacturing of the waveguides.

The PPKTP waveguide crystal had no AR coating applied to its facets. To avoid back

reflections back into the pump laser it had wedged facets with an angle of 5◦. With a

given refractive index of nKTPP = 1.84 the Fresnel losses can be calculated to be 8.7% at

each boundary. Thus, the maximum transmission could not exceed 82%. Figure 7.5 shows
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(a)

(b)

Figure 7.5: (a) Top view of the PPKTP waveguide crystal. (b) View of the front facet of the PPKTP

waveguide crystal.

magnified images of a typical PPKTP chip with embedded waveguides. The top picture

(a) shows a top view of the PPKTP chip at one of the angled input facets. The 4 µm wide

waveguide channels run along the length of the crystal (vertical in the picture) and the

periodically poled domains run perpendicular to the waveguides (horizontal). The bottom

picture (b) shows the end face of the crystal. Each waveguide was approximately 4 µm

wide by 8 µm high.

The measurements to determine the temperature acceptance bandwidth and the wave-

length acceptance bandwidth of the 12 mm long PPKTP waveguide crystal are depicted

in Fig 7.6 (a) and (b), respectively. The temperature acceptance was ∆T = 5.2 K, which

gives a value of ∆T = 6.24 K·cm referenced to the crystal length. The pump wavelength

was 976.0 nm. This is very close to the theoretical value of ∆T = 6.47 K·cm calculated

from equation 6.19. The wavelength acceptance bandwidth ∆λPPKTP was measured to be

280 pm, resulting in ∆λ= 336 pm·cm referenced to the crystal length. The crystal temper-
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Figure 7.6: Temperature (a) and wavelength (b) acceptance bandwidth of the 12 mm long PPKTP

waveguide crystal. The solid line indicates the theoretically expected sinc2 function.
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ature was held constant at 32.0◦C. The theoretical value calculated from equation 6.20 was

lower with ∆λ= 294 pm·cm. The values given in the references were obtained using bulk

KTP, while the ion exchanged KTP has a slightly changed refractive index.

Overview

The measured and calculated values for the wavelength acceptance bandwidth and the tem-

perature acceptance bandwidth of the three different crystal materials are shown in table 7.1.

∆λ [pm · cm] ∆T [K · cm]

measured calculated measured calculated

PPLN, bulk 162 192 2.05 2.01

PPLN, waveguide 134 191 1.55 1.69

PPKTP 336 294 6.24 6.47

Table 7.1: Measured and calculated values for the temperature acceptance bandwidth and the wave-

length acceptance bandwidth for the three different materials.

7.2 Frequency doubling using the off-axis ECDL

In this section, the off-axis ECDL described in section 5.2 is used to generate blue radiation

at a wavelength of 488 nm. Single pass SHG has been performed using all four crystals

characterized in the previous section.

7.2.1 SHG with bulk crystals

Experimental setup: The experimental setup for SHG using the off-axis ECDL and the

bulk crystals is depicted in Fig. 7.7. The off-axis ECDL was operated in the lowest order

out-of-phase mode. A detailed description of the ECDL setup and the supermode stabi-

lization was given in section 5.2. The PPLN bulk crystal was placed with the z-orientation

Figure 7.7: Schematic drawing of the frequency doubled off-axis ECDL using PPLN bulk crystal.

FAC (fast-axis collimator), HWP (half wave plate), L1 cyl. lens (slow-axis), L2 cyl.

lens (fast-axis), L3 collimation lens, PBS (polarization beam splitter).
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in direction of the fast-axis. Thus, it was necessary to rotate the electric field of the (TE

polarized) emission of the amplifier by 90◦. This was realized by using the half wave plate

of the ECDL in feedback and outcoupling branch. The emission of the off-axis ECDL

showed a residual ellipticity and astigmatism. A beam shaping lens system consisting of

two crossed cylindrical lenses L1 in the slow-axis and L2 in the fast-axis was been used to

correct ellipticity and astigmatism. With these two lenses, a symmetric focus was formed

inside the bulk PPLN crystal. A third lens (L3) was used to collimate the emission behind

the crystal. The infrared pump light and the generated blue light were separated with a

dichroic mirror. This mirror was highly reflecting (HR) for the infrared light (λ = 976 nm)

and highly transmissive (HT) for the blue light (λ = 488 nm).

The properties of the two bulk PPLN crystals have been described in section 7.1. Both

crystals were manufactured from the same wafer and had to be operated at a temperature

around 40-50◦C to achieve phase-matching at the wavelength of 488 nm. A 10 mm and a

40 mm long crystal have been used, respectively. The crystals were temperature stabilized

by using a thermo-electric cooler that could be controlled with a precision of 0.1 K.

An attenuator consisting of a rotary half wave plate and a polarization beam splitter was

used to adjust the amount of light incident at the nonlinear crystal. This has the advantage,

that the stripe-array can be operated at a fixed injection current. This attenuator is not

mandatory, but thermal drift or a change of the ellipticity and astigmatism (which can shift

if the injection current is varied) can be avoided. However, about 10% of the power is lost

at the attenuator.

Output power of the blue light: To achieve the highest possible SHG conversion effi-

ciency, an injection current of 2.9 A was chosen as operating point. At this injection current

the highest brightness of B = 62.5 MW/cm2·str was achieved (see Fig.5.10 on page 49).

At a wavelength of 976 nm the off-axis ECDL yielded emission with a maximum optical

output power of 850 mW incident at the crystal. This was slightly lower compared to the

value presented in section 5.2. This lower power was attributed to the loss at the polariza-

tion beam splitter and the fact that the stripe-array amplifier was not operated at the gain

maximum at 972 nm.

An optimum beam waist radius of w0 = 31.8µm was calculated for the 40 mm long crys-

tal following the Boyd-Kleinman analysis. With a lens combination of fL1 = 100 mm and
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Figure 7.8: Power of the generated blue light (PSHG) as a function of the infrared pump power (PIR)

using the off-axis ECDL as pump source with the two different bulk PPLN crystals.
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fL2 = 60 mm a beam waist radius of w0,slow = 32.4µm and w0,fast = 31.5µm was measured

with a residual astigmatism below 3%. For the 10 mm long crystal the optimum beam waist

radius was w0 = 15.9µm and a lens combination of fL1 = 60 mm and fL2 = 30 mm was used.

In this case, the beam waist radii of w0,slow = 17.3µm and w0,fast = 16.2µm were determined.

Figure 7.8 shows the power of the generated blue light as a function of the power of the

incident infrared light for the two different bulk crystals. A maximum SHG output power

of 57.5 mW was obtained with 850 mW of incident infrared light by using the 40 mm long

crystal. This equals to an opto-optical conversion efficiency of ηopto = 6.7%. The measured

SHG output power showed a quadratic function to the power of the fundamental wave as

theoretically expected (equation 6.15 for undepleted SHG). The quadratic fit through the

measured data in Fig. 7.8 resulted in a normalized conversion efficiency of ηbulk = 8%/W

(or 2%/W·cm, respectively) for the 40 mm long PPLN crystal.

By using the 10 mm long crystal, a maximum SHG output power of PSHG = 22 mW

could be generated with 850 mW pump power. The normalized conversion efficiency was

calculated to be ηbulk = 3.3%/W·cm, which was higher than that of the longer crystal. The

bandwidth of the pump laser light was determined to be well below the wavelength accep-

tance bandwidth of both PPLN crystals and can be excluded as a possible reason for the

lower conversion efficiency. Rather, the QPM period might not be perfect since a uniform

domain inversion over a long crystal length is difficult to manufacture. A slight deviation

in the QPM grating will lower the overall efficiency [84].

Beam quality of the blue light: The beam propagation factors of the generated blue light

were determined to be better than M2 = 1.25 in all cases with both crystals. The caustics

of the generated blue light using the 40 mm long PPLN crystal are depicted in Fig. 7.9 at

the maximum SHG output power. Beam propagation factors of M2
x = 1.21 for the slow-axis

and M2
y = 1.14 for the fast-axis have been determined. For this measurement a lens with

f = 50 mm was used. The beam waist position were measured to be z0,fast = 43.8 mm and

z0,slow = 43.7 mm which indicated a good astigmatic correction. However, the astigmatism

of the pump light had only low impact on the opto-optical conversion efficiency.

Spectrum and tunability of the blue light: Figure 7.10 shows a logarithmic plot of the

spectrum of the blue laser emission at an injection current of 2.9 A. The bandwidth of the
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Figure 7.9: Caustics of the beam waist radii for slow and fast-axis of the generated blue light mea-

sured at maximum SHG output power using the 40 mm long PPLN bulk crystal and the

off-axis ECDL.
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blue laser radiation was measured to be 55 pm which is almost resolution limit of the OSA.

A side mode suppression of better than 40 dB was determined.

The bandwidth of the off-axis ECDL emission was measured to be in the range of

1.8 MHz (see figure 5.14 b on page 51). This is well below the wavelength acceptance

bandwidth of the two bulk crystals, which was measured to be 160 pm/cm (see table 7.1

on page 76). During the measurement, the bandwidth of the pump laser emission was

monitored with an FPI with an FSR of 50 GHz and no multimode behavior was observed.

Thus, the bandwidth of the blue light is assumed to be well below the 50 pm of the OSA

measurement. However, an FPI for the blue spectrum was not available.
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Figure 7.10: Spectrum of the generated blue light at the maximum SHG output power using the

40 mm long PPLN bulk crystal and the off-axis ECDL.

By changing the crystal temperature, the QPM grating and therefore the SHG wave-

length could be changed. If the pump laser wavelength was simultaneously changed and

adjusted to achieve maximum SHG conversion efficiency, the wavelength of the generated

blue light was tunable. The SHG wavelength for the 40 mm long PPLN bulk crystal is

depicted in Fig. 7.11 as a function of the crystal temperature. From near room temperature

(T = 21◦) to a temperature of 80◦C the blue light was tunable over a range of more than 2 nm

from 487.1 nm to 489.3 nm. The 10 mm crystal showed a very similar tuning behavior. The

temperature coefficients were ≈ 0.04 nm/K for both crystals.
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Figure 7.11: SHG wavelength as a function of the crystal temperature using the 40 mm long PPLN

bulk crystal and the off-axis ECDL.
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7.2.2 SHG with waveguide crystals

Experimental setup: For the frequency doubling using the waveguide crystals, the ex-

perimental setup was modified compared to the bulk crystal setup as is shown in Fig. 7.12.

The setup of the off-axis ECDL remained unchanged. This time only one cylindrical lens

(L1) with f = 150 mm was used to collimate the ECDL emission in slow-axis direction. To

control the astigmatism this lens was mounted on a precision translation stage.

The PPLN waveguide crystal had a length of 10 mm a width of 3 mm and a height of

0.5 mm. Buried waveguide channels each with dimensions of 3.5 µm x 5 µm were applied

by proton exchange. The QPM grating was optimized for SHG at a wavelength of 488 nm

and a temperature of approximately 120◦C. The infrared light was coupled into a waveguide

channel of the PPLN crystal by using an aspherical lens L2 with f = 3.3 mm and NA = 0.47

(Thorlabs C414TM-B).

The 12 mm long PPKTP waveguide crystal had waveguide channels with dimensions

of 4 µm x 8 µm. In this case, an aspherical lens (L2) with a focal length of f = 4.5 mm and

NA = 0.55 (Thorlabs C230TM-B) was used. Both aspherical lenses had an AR coating for

the pump wavelength. For both crystals, the highly diverging light at the output facet of

the waveguide crystal was collimated with another aspherical lens (L3) with f = 8 mm and

NA = 0.5 (Thorlabs C240TM-A). This lens was AR coated for the visible spectral range.

Figure 7.12: Schematic drawing of the frequency doubled off-axis ECDL using PPLN waveguide

crystals. L1 cylindrical lens (slow-axis), L2 aspherical coupling lens, L3 aspherical

collimation lens, HWP (half wave plate), PBS (polarization beam splitter).

Laser to waveguide coupling efficiency: For both crystals, the astigmatism of the ECDL

emission was a critical value for the coupling efficiency. The caustic behind the aspherical

lenses could not be measured with the Beamscope. Thus, the astigmatism was pre-adjusted

by measuring the caustics behind a round lens with f = 50 mm and aligning the position

of the slow-axis collimation lens. The laser to waveguide coupling was optimized during

the SHG experiments by fine tuning the position of this lens. Because the astigmatism

changed for different injection currents, the off-axis ECDL was operated at a fixed injection

current and the astigmatism was optimized for this operating point. If the laser to waveguide

coupling was not optimized, higher waveguide modes could be excited. This is shown in

Fig. 7.13 for (a) the excitation of higher waveguide modes (TEM2,0) due to an insufficient

astigmatic correction and (b) good astigmatic correction.
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(a) (b)

Figure 7.13: Beam profile of the generated blue light using the PPLN waveguide crystal for (a)

insufficient astigmatic correction and (b) good astigmatic correction.

Table 7.2 shows the output power PIR of the off-axis ECDL emission incident at the

crystal, the coupled power PIR,coupled into the waveguide and the coupling efficiency for

different injection currents Jpump with the PPLN waveguide crystal. The highest power of

322 mW could be coupled into the waveguide at an injection current of 1.8 A. At lower

injection currents the coupling efficiency was slightly higher.

At injection currents higher than 2.0 A, the coupling efficiency decreased to values be-

low 50%. Since the brightness of the off-axis ECDL emission did not increase significantly

for injection currents higher than 2.2 A (see Fig. 5.10 on page 49), the SHG experiment

was not performed at higher injection currents to prevent a damage of the crystal. A further

increase of the injection currents would have resulted in high intensities at the input facets

of the waveguide crystal.

The beam quality had a strong impact on the coupling efficiency. As can be seen from

the measurement of the beam propagation factors as a function of the injection current (see

Fig. 5.9 on page 49) the beam quality decreased more rapidly above injection currents of

1.9 A. This can also be seen in Fig. 5.10 on page 49.

The coupling efficiency achieved with the PPKTP waveguide crystal was significantly

lower, because of the uncoated crystal facet and the strongly asymmetric waveguide. At an

injection current of 1.8 A and 500 mW of pump power incident at the crystal, a maximum

infrared power of 180 mW could be coupled into the waveguide PPKTP. This results in

Jpump[A] PIR[mW] PIR,coupled [mW] coupling eff. [%]

1.6 402 270 67.1

1.7 451 299 66.2

1.8 503 322 64.0

1.9 558 320 57.3

2.0 605 300 49.6

2.1 649 305 46.9

2.2 694 312 45.8

Table 7.2: Output power PIR of the off-axis ECDL emission incident at the crystal, coupled power

PIR,coupled into the waveguide and coupling efficiency for different injection currents

Jpump determined with channel 9 of the PPLN waveguide crystal.
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a coupling efficiency of 45% referenced to the Fresnel losses due to the uncoated facets

of the crystal (which results in a maximum transmission of 82%). The beam quality of the

pump light had approximately the same impact on the coupling efficiency as with the PPLN

crystal.

Output power of the blue light: The power of the generated blue light PSHG as a function

of the coupled power of the infrared pump light PIR,coupled with the off-axis ECDL as pump

laser is shown in Fig. 7.14 (a) for the 10 mm long PPLN waveguide crystal and Fig. 7.14 (b)

for the 12 mm long PPKTP waveguide crystal.

The PPLN waveguide crystal had 16 waveguide channels applied. The measurements

from the two channels with the best performance are depicted in Fig. 7.14 (a). With channel

number 9 (black squares), the highest SHG output power could be achieved while channel

4 (red dots) showed the highest conversion efficiency. The injection current of the stripe-

array was fixed at 1.8 A, where the ECDL yielded an infrared optical power of 500 mW

incident at the crystal. At this operating condition, it was possible to couple 322 mW into

channel 9 which represents a coupling efficiency of 64%.

With this coupled power, a maximum blue output power of 142 mW could be obtained

in channel 9. This gives a conversion efficiency of 44.1% inside the crystal. In channel 4,

up to 280 mW could be coupled and a maximum output power of 133.5 mW was achieved

which corresponds to 47.6% conversion efficiency.

To calculate the conversion efficiency in this case, pump depletion has to be taken into

account. The power of the generated light will have a tanh2 dependency on the power of

the pump light (see equation 6.18 on page 68).

The tanh2 fit of the data measured with the PPLN crystal resulted in normalized con-

version efficiencies of ηwg = 230%/W·cm2 (channel 9) and ηwg = 270%/W·cm2 (channel

4), respectively. At higher optical powers, a slight deviation from the predicted dependence

was observed which is presumably caused by absorption. Furthermore, a quadratic fit curve

(dashed line) with 220%/Wcm2 was added to the graph. It shows a good agreement to the

approximation for the lower conversion efficiencies. To avoid damage of the crystal surface

the injection current was not raised above 2.2 A during the measurements because the laser

to waveguide coupling efficiency dropped far below 50% for higher injection currents. It

was not possible to couple more than 320 mW of the infrared light into the waveguide.
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Figure 7.14: Power of the generated blue light (PSHG) as a function of the infrared pump power

coupled to the waveguide channel (PIR,coupled) of (a) the 10 mm long PPLN wave-

guide crystal for two different channels and (b) the 12 mm long PPKTP waveguide

crystal.
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With the PPKTP waveguide crystal blue light with a maximum SHG output power of

53 mW could be generated as shown in Fig. 7.14 (b). The normalized conversion efficien-

cies of ηwg = 210%/W·cm2 obtained from the tanh2 fit of the data was in the same range as

for the PPLN waveguide. The main limiting factor of the achieved output power was the

coupling efficiency.

Beam quality of the blue light: Beam propagation factors of better than M2 = 1.15 have

been obtained in all cases with the PPLN waveguide crystal. Figure 7.15 (a) shows the

caustics of the blue light generated with the PPLN waveguide crystal at optical output power

of 88 mW. The beam quality with M2
x = 1.01 and M2

y = 1.1 was better than for the pump

laser and with the bulk SHG. Since the waveguide acts as a spatial filter, only the diffraction

limited part of the pump light is coupled to the waveguide and converted, respectively. Thus,

the beam quality of the generated light depends on the quality of the waveguide, while the

beam quality of the pump light has a huge impact on the coupling efficiency. The slightly

elliptical beam and the asymmetric beam propagation factors are caused by the different

size of the waveguide channels in x- and y- direction, respectively.

From the caustics of the blue light generated using the PPKTP waveguide as depicted

in Fig. 7.15 (b) beam propagation factors of better than M2 = 1.4 have been calculated. The

M2 values indicate a lower beam quality than with the PPLN waveguide, which can be

caused by the larger waveguide channel size of the PPKTP crystal.
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Figure 7.15: Caustics of the beam waist radii for slow and fast-axis of the generated blue light

using (a) the 10 mm long PPLN waveguide crystal and (b) the 12 mm long PPKTP

waveguide crystal.

Spectrum and tunability of the blue light: The spectra of the blue laser emission are

shown in Fig. 7.16 (a) for the PPLN waveguide and (b) for the PPKTP waveguide. The

PPLN waveguide was operated at a crystal temperature of ϑ = 130◦C. A wavelength of

488.2 nm was determined at an optical output power of 88 mW.

A wavelength of 487.89 nm was measured with the PPKTP crystal at a crystal tem-

perature of ϑ = 26◦C and an optical output power of 51 mW. In both cases, the measured

bandwidth of 50 pm was near the resolution limit of the OSA and side mode suppression

ratios in the range of 50 dB were observed. Again the bandwidth of the pump laser was

monitored using an FPI with an FSR of 50 GHz without the detection of higher longitudinal

modes. As with the bulk crystals, the SHG wavelength could be tuned by changing the crys-

tal temperature. With the PPLN waveguide crystal it was possible to obtain a tuning range
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Figure 7.16: Spectra of the generated blue light using (a) the 10 mm long PPLN waveguide crystal

and (b) the 12 mm long PPKTP waveguide crystal (right).

of more than 5.6 nm in the blue spectrum by changing the crystal temperature as shown

in Fig. 7.17 (a). Near room temperature at ϑ = 25◦C the SHG wavelength was 484.0 nm

and at ϑ = 165◦C an SHG wavelength of 489.7 nm was measured. The temperature tuning

coefficient was 0.04 nm/K.

Even near room temperature, output powers of more than 90 mW have been obtained.

The frequency doubled off-axis ECDL was running stable at an injection current of 1.5 A

and this output power for several hours. The maximum power fluctuations were below 1%.

No phase distortions or SHG wavelength shift that would indicate photo-refractive effects

were observed during the measurements.

With the PPKTP crystal, the SHG wavelength could be tuned over a range of 1.5 nm, as

shown in Fig. 7.17 (b). By changing the crystal temperature from ϑ = 22◦C to ϑ = 80◦C the

wavelength of the blue light could be changed from 487.7 nm to 489.2 nm. The temperature

tuning coefficient of PPKTP was lower than for PPLN with 0.025 nm/K. Furthermore, the

PPKTP crystal was stabilized with a different heat sink that was only capable to achieve a

maximum temperature of ϑ = 80◦C. However, the PPKTP crystal was explicitly designed

for SHG near room temperature. In both cases, the tuning range was limited by the range

of the crystal temperature controllers.
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Figure 7.17: SHG wavelength as a function of the crystal temperature with (a) the 10 mm long

PPLN waveguide crystal and (b) the 12 mm long PPKTP waveguide crystal.
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7.2.3 Summary

With the off-axis ECDL that was developed in the first part of this thesis, it was possible

to realize highly efficient frequency conversion from the infrared to the blue spectral range.

Single pass SHG at a wavelength of 488 nm was performed using four different nonlinear

crystals.

With the bulk PPLN crystals, output powers in the blue spectral range of up to 57.5 mW

could be achieved. An opto-optical conversion efficiency of 6.7% and an electro-optical

efficiency of 1.5% could be obtained by using the 40 mm long PPLN bulk sample. Fur-

thermore, the generated light showed excellent beam quality, a narrow bandwidth and was

tunable over a range of more than 2 nm. The bulk crystal SHG setup was not susceptible

to astigmatism and mainly limited by the output power and the beam quality of the off-axis

ECDL system. The SHG output power was approximately two orders of magnitudes higher

than that reported in the literature with similar setups.

Samsøe et al. used a BA ECDL system to generate blue light with a PPKTP bulk crystal

in a single pass configuration [78]. In this approach a 10 mm long PPKTP crystal was

used. The ECDL comprised a standard BA diode laser and yielded 405 mW cw emission

at 808 nm with an M2
x ≈ 3. Blue light at 405 nm with an output power of 0.5 mW was

generated.

Furthermore, it was possible to demonstrate single pass SHG using PPLN and PPKTP

waveguide crystals pumped with the off-axis ECDL. By using a 10 mm PPLN waveguide

crystal operated at a temperature of approximately 125◦C, blue light at 488 nm with output

powers of up to 142 mW could be generated. The blue light showed a very good beam

quality and a narrow emission bandwidth. At an injection current of 1.8 A and an infrared

pump power of 503 mW, a maximum optical power of 322 mW could be coupled into the

waveguide channel. The laser to waveguide coupling efficiency in this case was 64%. An

internal conversion efficiency of 47.6% inside the crystal could be achieved, while the opto-

optical conversion efficiency was 28.2% including the laser to waveguide coupling losses.

The normalized conversion efficiency was calculated to be 270%/Wcm2. The electrical

power was 2.4 W, resulting in a wall plug efficiency of 5.9%. The output power of the

frequency doubled off-axis ECDL was not limited by photo-refraction. Rather, the coupling

efficiency of the pump light decreased at higher injection currents which was the bottleneck

of the SHG with the off-axis ECDL utilizing the waveguide crystals.

However, the PPLN waveguide crystal was designed to be operated at high tempera-

tures to avoid photo-refractive damage. This made the thermal management and a further

decrease of the setup size challenging.

As an alternative to PPLN, a PPKTP waveguide designed for SHG near room temper-

ature was investigated. With this crystal, blue light at 488 nm with an output power of

53 mW could be generated. The output power of the blue light was limited by the high cou-

pling losses because of the uncoated facets of the crystal and the asymmetric shape of the

waveguide. Nevertheless, the normalized conversion efficiency achieved with the PPKTP

crystal was not much lower than the values obtained with the PPLN waveguide crystal.

With a flat polished PPKTP waveguide with a more symmetric and smaller waveguide,

higher output powers comparable to the PPLN waveguide should be feasible. KTP has the

advantage that the wavelength and temperature acceptance bandwidths are higher than in

LN. Therefore, the requirements to temperature controlling are lower even if longer crystals

are used. Furthermore, KTP possesses a higher damage threshold and is less susceptible

to photo refraction and induced absorption. The lower nonlinear coefficient does not come

into play in waveguide crystals. Thus, PPKTP is the more promising solution for further
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work despite the lower performance in this experiment.

The resulting electro-optical efficiency for the blue light generated with the PPLN wave-

guide was 5.9% which represents the highest wall plug efficiency achieved with a BA or

off-axis ECDL system and single pass frequency conversion.

Apart from work not included in this thesis [129], this is the first time that BA or stripe-

array diode lasers could be utilized for efficient SHG with waveguide crystals. Due to the

in depth study of the stripe-array amplifier, the overall efficiency could be increased and

the footprint could be diminished. The waveguide SHG setup fitted a breadboard with a

size of 100 mm x 250 mm. Since the limiting factor for the size was the focal length of

the optics, it should be possible to reduce the size further by using commercially available

beam shaping optics.

7.3 Frequency doubling using an external cavity enhanced

tapered amplifier

Tapered lasers are capable to deliver several Watts of output power with very good beam

quality and are state of the art high brightness diode lasers [32, 130]. To achieve narrow

bandwidth emission, they can be fabricated with on chip Bragg gratings [131]. Further-

more, when AR coatings are applied on both facets a TA is realized. Such TAs can be

operated in a MOPA setup or in an external cavity [132, 133]. All three schemes are suit-

able for nonlinear frequency conversion.

In this chapter, an external cavity enhanced TA is used for SHG with the 40 mm bulk

PPLN crystal. The experimental results are compared with the results obtained with the

off-axis ECDL.

Experimental setup

The experimental setup of the frequency doubled TA-ECDL utilizing the 40 mm long PPLN

bulk crystal is depicted in Fig 7.18. The TA (m2k-BTAL-970-2000) had a chip length of

2.5 mm and featured a 2 mm long tapered section with a full tapered angle of 6◦, resulting

in a emitter size of 1 x 215 µm2. The ridge section was 500 µm long and had a width of

≈ 5 µm. In vertical direction a 1.06 µm AlGaAs waveguide core with 20% Al that com-

prised an InGaAs quantum well with a thickness of about 7 nm was sandwiched between

two 1.06 µm thick AlGaAs claddings with an Al content of 40%. This layer structure is

comparable to the large optical cavity design of the stripe-array as described in section 2.3.1

(see page 13 Fig. 2.5 (a)). However, the waveguide structure of the TA was slightly larger

than for the stripe-array.

A rear Littrow configuration (section 2.4.1) was realized on the ridge section of the TA.

For this purpose, the light emitted from the ridge was collimated with an aspherical lens

(L1) with a focal length of f = 4.5 mm and NA = 0.47. In a distance of 250 mm a ruled

diffraction grating with 1200 lines/mm was placed. The first order of diffraction of this

grating was reflected back onto itself to form the oscillator. The grating lines were aligned

parallel to the slow-axis and a half wave plate was used to suppress the losses at the zeroth

order of the grating.

An aspherical lens (L2) with a focal length of f = 6.5 mm (NA=0.62) was used for the

collimation of the fast-axis emission at the tapered side. Because of the strong astigmatism,

this resulted in a focus in slow-axis direction. Furthermore, the beam profile was strongly
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Figure 7.18: Experimental setup of the frequency doubled TA-ECDL utilizing a 40 mm long PPLN

bulk crystal. The TA was operated in a rear Littrow external cavity setup using a

diffraction grating (g = 1200 lines/mm). L1 aspherical lens f = 4.5 mm, L2 aspher-

ical lens f = 6.5 mm, L3 cylindrical lens fslow = 150 mm, HWP (half wave plate),

PBS (polarization beam splitter), L4 focusing lens f = 125 mm, L5 collimation lens

f = 100 mm.

elliptical. Both, astigmatism and ellipticity were corrected with a cylindrical lens (L3) with

a focal length fslow = 150 mm for recollimation of the slow-axis emission.

To individually control the pump currents injected at the ridge (Jridge) and at the ta-

pered section (Jtaper), the chip was mounted p-side up and both sections were contacted

separately. This has usually the drawback, that the heat conductivity is decreased and that

the onset of thermal rollover is shifted to lower injection currents compared to p-side down

mounted devices. To avoid thermal rollover a special heat sink was used (Fig. 7.19).

However, the individual current control of both sections has several advantages. If both

sections have a common contact, a current overload on the ridge section can result in a

severe decrease of the beam quality of the TA emission. Furthermore, facet degradation at

the ridge side as well as filamentation and catastrophic optical mirror damage at the tapered

section (which are typical BA laser problems), were observed. By controlling the injection

currents individually, higher output powers and better beam quality of the emission can be

achieved [49].

Figure 7.19: Picture of the tapered amplifier with separate contacts for ridge and tapered section on

the high power heat sink. (Picture copyrighted by m2k-laser GmbH).

Experimental results

Infrared emission of the TA-ECDL: The optical output power of the TA-ECDL emis-

sion as a function of the injection current is depicted in Fig. 7.20, represented by the black
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Figure 7.20: Optical output power, applied voltage and electro-optical efficiency of the TA-ECDL

laser emission as a function of the injection current.

solid line. In this measurement the TA was operated with both sections connected to one

power supply. Furthermore, the grating was adjusted to the gain maximum and no colli-

mation lens was used. The laser threshold was determined to be at 1.2 A and the slope

efficiency was 0.67 W/A. No saturation effects or thermal rollover were observed.

The solid line in Fig. 7.20 shows the applied voltage and the blue line is the calculated

electro-optical efficiency. At an injection current of J = 4 A a maximum output power of

P = 1.9 W was measured. The electro-optical efficiency was higher than 31% in this case.

However, if both sections are contacted separately a higher output power can be

achieved if the ratio between the two injection currents is optimized. Figure 7.21 shows

the output power of the TA-ECDL for five different fixed injection currents at the tapered

section (Jtaper) as a function of the injection current at the ridge side (Jridge). At the lowest

tapered section injection current of Jtaper= 1.0 A, the output power remained nearly con-

stant when the injection current at the ridge section was increased. For higher injection

currents, the output power can depend strongly on the injection current at the ridge side.

For example, at an injection current of 3.0 A at the tapered section the output power of the

TA-ECDL laser did increase from approximately 1 W to 1.7 W if the ridge injection current

was increased from 50 mA to 150 mA.

The ratio between ridge and tapered injection current is also critical for the slow-axis

beam propagation factor and the bandwidth of the TA-ECDL emission. At lower TA in-
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Figure 7.21: Optical output power for different injection currents at the tapered amplifier section

(Jtaper) as a function of the injection current at the ridge side (Jridge).
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Jtaper Jridge Popt M2
x M2

y B ∆λ

[A] [mA] [mW] [MW/cm2-sr] [pm]

50 1100 1.35 1.55 54.8 84

3.0 100 1400 1.41 1.55 66.8 51

150 1700 1.69 1.56 67.7 51

50 2200 1.59 1.63 89.1 73

3.5 100 2300 1.61 1.63 92.0 62

150 2400 1.99 1.62 77.7 63

50 2300 1.42 1.72 98.9 83

4.0 100 2550 1.58 1.73 97.9 78

150 2650 2.17 1.71 74.5 86

Table 7.3: Optical output power Popt, beam propagation factors M2
x and M2

y , brightness B and

laser emission bandwidth ∆λ of the TA-ECDL emission at different injection currents.

jection currents than 2.5 A, the slow-axis beam propagation factors did not show a strong

dependence on the ridge injection currents. This changed at higher TA injection currents,

where the slow-axis beam quality depended strongly on the ridge injection currents.

Table 7.3 shows the measured values for three different injection currents at the tapered

section, ranging from 3.0 A to 4.0 A. The ridge injection current was changed from 50 mA

to 150 mA. In all cases, the TA-ECDL emission had a better slow-axis beam quality for

lower ridge injection currents. The impact of the ridge injection current on the beam prop-

agation factors in fast-axis direction was only marginal, where a linear increase with TA

injection current was observed.

The highest brightness of 98.9 MW/cm2-sr was obtained at an injection current of

Jtaper = 4 A at the tapered section and 50 mA injected into the ridge section. However,

the emission bandwidth (measured with the OSA) did also increase with higher injection

currents at the tapered section. The wavelength acceptance bandwidth of the 40 mm long

PPLN crystal used in this experiment was ∆λCrystal = 39 pm. The bandwidth of the TA-
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Figure 7.22: Caustics of the TA-ECDL emission for both axes at injection currents of Jtaper= 3 A

Jridge= 150 mA. The optical output power was Popt = 1.7 W.
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Figure 7.23: (a) Optical output power and (b) spectrum measured with an OSA of the TA-

ECDL emission as a function of the emission wavelength at an injection current of

Jtaper = 3.5 A and Jridge = 100 mA.

ECDL emission exceeded this value by a factor of two at an injection current of Jtaper= 4 A

at the tapered section.

The caustics of the TA-ECDL laser emission for both axes at injection currents of

Jtaper= 3 A Jridge= 150 mA are depicted in Fig. 7.22 measured with a spherical lens with

f = 50 mm. The optical output power was POpt = 1.7 W at this operating condition. Beam

propagation factors of M2
x = 1.69 in slow-axis direction and M2

y = 1.56 in fast-axis direc-

tion have been measured. The difference between the beam waist radius positions in the two

directions was below 0.1 mm in this case, indicating a good correction of the astigmatism.

The output power as a function of the emission wavelength is depicted in Fig. 7.23 (a),

the corresponding spectra are shown in Fig. 7.23 (b). The ridge injection current was

100 mA during all these measurements.

The emission wavelength was tunable over a range of 56 nm from 934 nm to 990 nm.

The gain maximum was located at 968 nm and a maximum output power of Popt = 2.15 W

was measured. At a wavelength of 976 nm the output power was 1.98 W. The tuning range

at the FWHM was larger than 40 nm. The spectra measured with the OSA showed side

mode suppression ratios of better than 35 dB even at the edges of the tuning range. At a

wavelength of λ = 976 nm, the side mode suppression ratio was above 50 dB.

Frequency doubled TA-ECDL

To avoid back reflections from the nonlinear crystal into the tapered section, an optical

isolator was set up behind the collimation optics of the ECDL. To adjust the pump power

incident at the crystal and to rotate the polarization of the TA emission, an attenuator con-

sisting of a polarization beam splitter and a rotary half wave plate was used. The half wave

plate was necessary, because the z-axis of the nonlinear crystal was positioned perpendicu-

lar to the slow-axis of the TA and thus the (TE polarized) emission of the TA-ECDL had to

be rotated by 90◦.

With a spherical lens with f = 125 mm, a focus with a slight residual ellipticity and

beam waist radii of w0,fast = 31 µm and w0,slow = 36 µm was generated. The deviation

from the optimum focusing condition (equation 6.14) (w0 = 31.8 µm) was only marginal.

Collimation of the generated blue light was realized with another spherical lens having a

focal length of f = 100 mm. The generated blue light was separated from the residual pump

light by using a dichroic mirror (HT for 488 nm and HR for 976 nm).
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The generated SHG output power at a wavelength of 488 nm is shown in Fig. 7.24 as

a function of the infrared pump power incident at the 40 mm long PPLN bulk crystal. The

TA-ECDL emission was tuned to an emission wavelength of 976.0 nm, which was slightly

off the gain maximum. Furthermore, the optical system introduced loss and the pump power

incident at the crystal was lower than the values given in the table.

The first five data points in Fig. 7.24 (up to a pump power of 1.5 W) have been obtained

by operating the TA at Jtaper = 3.0 A and Jridge = 150 mA. The power incident at the crystal

was varied by using the attenuator. In this case, the conversion efficiency was calculated to

be ηbulk = 3.6%/W· which is represented by the solid black line in the graph.

At higher injection currents, the conversion efficiency decreased. At an injection current

of 3.25 A at the taper section and 150 mA at the ridge section, a pump power of 1.6 W was

incident at the crystal. With this pump power, an SHG output power of 76 mW was realized.

An SHG output power of 93 mW could be generated at Jtaper = 3.5 A and

Jridge = 100 mA. The highest SHG output power of 105 mW was realized at Jtaper = 3.5 A

and Jridge = 150 mA with 2.1 W incident at the crystal.

By further increasing the pump power to 2.3 W (Jtaper = 4.0 A, Jridge = 100 mA), the

power of the generated blue light did not increase. At this injection current, the conversion

efficiency was ηbulk = 2.0%/W·cm.

The dashed line in Fig. 7.24 shows the fit through the data obtained with the same crystal

and the off-axis ECDL as pump laser. The slope of the conversion efficiency ηbulk was more

than two times higher with the off-axis ECDL laser system.
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Figure 7.24: Optical output power of the generated blue light (PSHG) as a function of the infrared

pump power of the TA-ECDL emission (PIR) using the 40 mm long bulk PPLN crystal.

As discussed in section 6.4, the SHG conversion efficiency depends on the beam quality

and the wavelength acceptance bandwidth of the pump laser. The SHG output power scales

approximately inversely linear with the beam quality (in both directions) PSHG ∝ 1/M4

(see equation 6.17 on page 68). Furthermore, the SHG output power possesses a sinc de-

pendence on the wavelength acceptance bandwidth as depicted in Fig. 6.5 on page 69.

Table 7.4 shows the two dimensional beam quality M4, the ratio between acceptance

bandwidth of the crystal and the measured bandwidth of the laser ∆λlaser/∆λacc and the

calculated conversion efficiency for three TA injection currents. As a reference, the values

for the off-axis ECDL are given.

It can be assumed that the degradation of the beam quality and the bandwidth are the

reasons for the rather low conversion efficiency of the TA-ECDL. However, with the TA-
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Jtaper M4 ∆λlaser/∆λacc ηbulk

[A] [%/Wcm]

(TA) 3.0 2.2 1.3 3.6

(TA) 3.5 2.6 1.6 2.1

(TA) 4.0 2.7 2 2.0

off-axis ECDL 1.7 < 1 8.0

Table 7.4: Beam quality, bandwidth referenced to the crystal acceptance bandwidth and conversion

efficiency for different TA injection currents. The off-axis ECDL is shown as reference.

ECDL a nearly two times higher SHG output power could be generated compared to the off-

axis ECDL with the stripe-array amplifier because a higher pump power could be realized.

The tuning range that could be obtained with this setup was similar to the values ob-

tained with the off-axis ECDL and limited by the range of the temperature controller. The

spectra of the generated blue light measured with the OSA showed comparable results to

that obtained with the frequency doubled off-axis ECDL. A bandwidth of 50 pm close to

the resolution limit of the measurement device was obtained. A broadening of the band-

width of the blue light was not observed because the wavelength acceptance bandwidth was

below the resolution limit of the OSA. Since no FPI for the blue spectrum was available,

the effect could not be fully resolved. Furthermore, the bandwidth of the pump light was

not monitored with an FPI because it was not available during the measurements.

Summary

With an external cavity enhanced TA, near diffraction limited narrow bandwidth emission

with an output power of up to 2.5 W could be realized. The TA-ECDL emission was tunable

over a large range of more than 56 nm. This was slightly more than what was achieved with

the off-axis ECDL. The influence of the ratio of the injection currents at ridge and tapered

section was studied. A strong dependence of the slow-axis beam quality as well as the

emission bandwidth was observed.

Finally, more than 100 mW of blue light at a wavelength of 488 nm could be generated

in a single pass SHG experiment using the 40 mm long PPLN crystal. The conversion

efficiency was two times lower than with the off-axis ECDL and the same PPLN crystal.

It is assumed, that the bandwidth of the TA-ECDL emission was the main limiting aspect

here. Since the resolution limit of the measurement device was larger than the acceptance

bandwidth of the crystal, it was not possible to resolve this effect. However, because of

the higher pump power provided by the TA-ECDL, the power of the generated light was

two times higher than with the off-axis ECDL. Tuning of the blue light was possible over a

range of more than 2 nm as with the off-axis ECDL.

Compared to the values reported in the literature with a similar setup, the output power

could be increased by a factor of 4 [134]. Chi et al. used a 4 mm long TA with an emission

wavelength of 810 nm operated in a Littrow ECDL. They achieved a blue output power of

24 mW at 405 nm in a single pass SHG setup using a 10 mm long PPKTP crystal.

However, Maiwald et al. could achieve 600 mW at 488 nm by using a MOPA consisting

of a DFB master laser and a TA as pump source [135]. This setup was rather large and

complex. In a recent work by Jensen et al. SHG output powers of up to 1.5 W have been

reported. They used a tapered diode lasers with Bragg gratings to pump SHG in a 60 mm
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long PPLN crystal [136].

Therefore, the conversion efficiency is supposed to be increased if the setup is further

optimized. One possibility is the use of additional spectral filters such as etalons, other

diffraction gratings or volume Bragg gratings to achieve a further decrease of the emission

bandwidth.

7.4 Frequency doubling using a DFB ridge waveguide

diode laser

The typical size of the emitting area of a single stripe diode laser with a super large optical

cavity of 3 µm x 5 µm cross section is in the same range as the typical channel size of

a nonlinear waveguide crystal. Thus, efficient coupling of the diode laser emission into

such a waveguide channel is feasible with a moderate effort concerning the beam shaping

optics. For efficient SHG with waveguide crystals neither need high pump powers nor long

interaction lengths are required.

Here, a DFB ridge waveguide diode laser was used to pump SHG inside channel wave-

guide crystals in a bench top experiment. Therefore, the PPLN and PPKTP waveguide

crystals described in section 7.1 have been utilized. The results are compared with the

results obtained with the off-axis ECDL system described in section 7.2.

Experimental setup

Figure 7.25 shows the experimental setup. The DFB ridge waveguide diode laser was man-

ufactured by the FBH, Berlin and is similar to the diode laser used in [137]. It has a length

of 4 mm and an emitter size of 3 µm (fast-axis) x 5 µm (slow-axis). A detailed description

of the layer structure can be found in [41]. The DFB diode laser was kindly provided by

Sacher Lasertechnik. The emission of the DFB ridge waveguide diode laser was collimated

with an aspherical lens L1 with a focal length of f = 2.75 mm (Lightpath LPTH350390-B).

Behind this lens an ellipticity of 1:3 and a slight astigmatism was observed. For the correc-

tion of the astigmatic beam an anamorphic beam shaping optic L2 (Schaefter + Kirchhoff

5AN-2A-05) consisting of two cylindrical lenses was used. Behind this optic the ellipticity

could be improved to values below 1:1.05 and the astigmatism nearly vanished.

Figure 7.25: Experimental setup of the frequency doubled DFB diode laser using nonlinear wave-

guide crystals. HWP (half wave plate), PBS (polarization beam splitter), L1 aspherical

collimation lens, L2 anamorphic beam shaping optic, L3 aspherical coupling lens, L4

aspherical collimation lens.
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To avoid optical feedback from the nonlinear crystal back into the DFB laser, an optical

isolator was introduced behind the collimation optics. The emission of the DFB ridge wave-

guide diode laser was TE polarized and a half wave plate was necessary to rotate the electric

field of the laser emission. A polarization beam splitter was used behind the half wave plate

adjusted to block TE polarized and transmit TM polarized light. Since the half wave plate

was rotary an attenuator was formed. The power of the pump light could be adjusted by

rotating the half wave plate, while the diode laser could be operated at a fixed injection

current. This scheme provides maximum stability since the astigmatism and ellipticity can

slightly change with changed injection current.

The well collimated pump light was coupled into the temperature stabilized waveguide

crystals by using an aspherical lens. To focus into the 3 µm x 5 µm waveguide channel

of the PPLN waveguide crystal an aspherical lens (L3) with a focal length of f = 3.1 mm

(Thorlabs C330TM-B) and an NA = 0.68 was used. For the coupling of the pump light into

the PPKTP waveguide crystal with a channel size of 4 µm x 8 µm an aspherical lens (L3)

with a focal length of f = 6.2 mm (Thorlabs A110TM-B) was used. With both crystals, the

highly diverging light at the waveguide channel output facet was collimated with another

aspherical lens (L4) with a focal length of f = 8 mm (Thorlabs C240TM-A, NA = 0.5).

For the separation of the fundamental infrared light from the generated blue light a dichroic

mirror (HT 488/ HR 976) was used.

Experimental results

Characterization of the DFB ridge waveguide diode laser: The optical output power

of the DFB diode laser behind the optical isolator as a function of the injection current is

depicted in Fig. 7.26. The isolator had a transmission of 90%. The laser threshold was

located at an injection current of 33 mA. Up to an injection current of 450 mA a slope

efficiency of 0.74 W/A was observed. Above 450 mA the slope efficiency decreased slightly

and the optical output power saturated around 700 mA.

Up to an injection current of 645 mA, the beam propagation factor of the DFB diode

laser emission was determined to be better than M2 <1.1 for both axes and in all cases. At

630 mA, the beam propagation factors were M2
x = 1.09 for the slow-axis and M2

y = 1.08

for the fast-axis, respectively. With a measured output power of P = 490 mW (before

the isolator) this gives a brightness of 43.8 MW/cm2·str. At injection currents higher than

650 mA, the slow axis beam quality degraded rapidly to M2
x ≈ 1.3.

The bandwidth of the DFB laser emission was determined to be below 100 MHz by
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Figure 7.26: Output power of the DFB diode laser as a function of the injection current.
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Figure 7.27: Spectrum of the DFB diode laser emission at an injection current of Ipump = 709 mA

and a temperature of TDFB = 19.0◦C (a) measured with an FPI and (b) measured

with the OSA.

using a scanning FPI with an FSR of 8 GHz (Fig. 7.27 (a)). Furthermore, the optical

spectrum was measured with an OSA as depicted in Fig. 7.27 (b). A side mode suppression

ratio of better than 50 dB was observed and no additional peaks could be observed within

the resolution limit of the OSA, which was 50 pm.

The emitted wavelength of the DFB laser is a function of the laser chip temperature and

the injection current. Figure 7.28 shows the emission wavelength as a function of the diode

laser heat sink temperature at an injection current of 709 mA. A tuning range of 0.8 nm

was realized by changing the DFB diode laser temperature from ϑ = 16◦C to ϑ = 26◦C. The

linear fit through the measured data resulted in a temperature coefficient of ∆λ = 82.3 pm/K.
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Figure 7.28: Wavelength of the DFB diode laser emission as a function of the diode laser tempera-

ture at an injection current Ip = 709 mA and an optical output power of 500 mW.

Frequency doubled DFB diode laser using waveguide crystals: The DFB laser was

operated at an injection of 630 mA, a voltage of 3.4 V and a temperature of 16◦ C. This

resulted in emission at a wavelength of 975.6 nm with an optical output power of 405 mW

incident at the crystal. At this operating point, a maximum laser to waveguide coupling

efficiency of 75% was achieved into channel 4 of the PPLN crystal, resulting in a coupled

infrared power of 304 mW. This was higher than the values obtained with the off-axis

ECDL, because of the better beam quality of the DFB laser. The two dimensional beam

quality was M4 = 1.17 while the off-axis ECDL had M4 = 1.27 at the maximum coupled
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power. However, astigmatism and ellipticity have also an impact on the coupling efficiency.

With the anamorphic beam shaping optics the astigmatism could be adjusted very precisely

with the DFB laser. To determine the amount of the light coupled into the waveguide, the

temperature of the PPLN crystal was detuned from the phase matching condition so that no

blue light was generated and the transmitted infrared light was measured.

With the 12 mm long PPKTP waveguide crystal, a maximum coupled pump power of

220 mW could be achieved at the same operating condition. This gives a coupling efficiency

of better than 65% including the Fresnel losses of the non AR coated facets of the PPKTP

crystal, which was also better than the value achieved with the off-axis ECDL.

The optical output power of the generated blue light as a function of the optical power

of the pump light coupled to the waveguide channel is depicted in Fig. 7.29. The black

squares in this graph represent the data measured with the PPLN waveguide crystal. The

red squares have been obtained with the PPKTP crystal.

With the maximum coupled power of 304 mW inside the PPLN waveguide channel, up

to 159 mW blue laser light emission could be generated. This corresponds to an internal

conversion efficiency of 52%. The overall opto-optical conversion efficiency was 39% in-

cluding the coupling losses. The black line in Fig. 7.29 represents the tanh2 fit through the

data. A normalized waveguide conversion efficiency of ηWG = 290%/W·cm2 was calcu-

lated, which was approximately the same as with the off-axis ECDL.

By using the PPKTP crystal, blue light with a power of up to 66.7 mW was generated

from 220 mW of coupled power. In this case, the internal conversion efficiency was 30%

and the overall opto-optical conversion efficiency was ηopto = 16% including the coupling

losses. The red line in Fig. 7.29 gives a normalized waveguide conversion efficiency of

ηWG = 210%/W·cm2 calculated from the tanh2 fit through the data. The higher output power

compared to the off-axis ECDL is caused by the lower coupling losses. The conversion

efficiency was the same.

Fig. 7.30 (a) shows the caustics for both axes of the light generated with the PPLN

crystal at an injection current of 630 mA and an optical output power of 159 mW. A beam

propagation factor of M2 < 1.05 was obtained for both axis. A residual ellipticity of the

beam was observed which is caused by the different aperture size of the waveguide in x and

y direction. With the PPKTP crystal, beam propagation factors better than M2 < 1.4 have

been determined in all cases. Since the beam quality of the pump light was slightly better,
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Figure 7.29: Power of the generated blue light (PSHG) as a function of the infrared pump power

coupled to the waveguide channel (PIR−coupled) of a 10 mm long PPLN waveguide

crystal (black) and a 12 mm long PPKTP waveguide crystal (red).
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it is assume that the waveguiding in the crystal is not strong enough or that some phase

distortions are present in the material. The same ellipticity as with the off-axis ECDL as

pump laser was observed.
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Figure 7.30: Caustics of the beam waist radii for slow and fast-axis of the generated blue light using

the 10 mm long PPLN waveguide crystal.

The spectrum of the blue laser emission obtained with the PPLN waveguide crystal at

an injection current of 630 mA and the maximum output power is shown in Fig. 7.31. The

measured bandwidth of 51 pm was near the resolution limit of the OSA. A a side mode

suppression of more than 40 dB has been observed. At a crystal temperature of 125◦C, the

QPM wavelength for SHG was 487.8 nm. During the experiment, the bandwidth of the

pump laser was monitored with an FPI with an FSR of 50 GHz. No sign of longitudinal

multimode operation was observed. Thus, the pump laser bandwidth was well below the

crystal acceptance bandwidths. With the PPKTP crystal, similar spectral bandwidths and

side mode suppression ratios have been measured.

The temperature tuning behavior of the two crystals was very similar to the values ob-

tained with the off-axis ECDL. However, with the DFB laser the tuning range was mainly

limited by the tuning range of the pump laser.
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Figure 7.31: Spectrum of the generated blue light using the 10 mm long PPLN waveguide crystal

measured with an OSA.
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Summary

A compact and efficient laser system in the blue green spectrum based on a DFB ridge

waveguide diode laser and nonlinear waveguide crystals was presented. By using the PPLN

waveguide crystal, near diffraction limited, narrow bandwidth emission with a maximum

output power of 159 mW could be generated at a wavelength of 488 nm. A record conver-

sion efficiency of 52% inside the crystal was achieved. A normalized conversion efficiency

of 290%/W·cm2 was calculated. The overall wall plug efficiency was 7.4% at an injec-

tion current of 630 mA. Compared to the off-axis ECDL, a higher coupling efficiency was

achieved and a slightly higher SHG output power could be realized. This is attributed to the

excellent beam quality of the DFB diode laser and agrees with the investigations concerning

the coupling efficiency made with the off-axis ECDL. At the chosen operating point, beam

propagation factors of M2 < 1.1 have been measured, which was slightly better than that

of the off-axis ECDL.

The laser system could be operated stable for several hours at an output power of

150 mW without observing any photo-refractive effects or blue induced infrared absorp-

tion. However, the problem of the thermal management due to the different operating tem-

peratures of crystal and diode remained. The PPLN waveguide had to be stabilized above

ϑ = 100◦C and the diode was stabilized at ϑ ≈ 20◦C.

With the PPKTP waveguide crystal, a lower coupling efficiency due to the non AR

coated facet was observed. The output power was only 66.7 mW with this crystal and the

beam quality was slightly worse. However, for further integration into a compact device

the PPKTP crystal is more promising because of the higher optical damage threshold and

the lower requirements on the temperature controlling. KTP can be operated near room

temperature and the temperature acceptance bandwidth is three times broader than for LN.

With the 40 mm long bulk crystal SHG output powers below 10 mW were achieved, but

the results are not presented here.

The combination of a DFB or a distributed Bragg reflector (DBR) diode laser and a

waveguide crystal has the potential for further miniaturization. Recently, Wiedmann et al.

demonstrated a small scale device with a DBR ridge waveguide diode laser butt coupled to

a PPLN waveguide. An SHG output power of up to 35 mW green light at 530 nm could

be achieved [138]. Maiwald et al. [137] could demonstrate a miniaturized SHG device

consisting of a DFB ridge waveguide diode laser lens coupled to a ridge waveguide PPLN

crystal. Micro-optics have been used for coupling and collimation and were assembled on

a heat sink with a footprint of 25 x 5 mm2. With less than 1 W electrical power a maximum

output power of 56 mW at 488 nm could be demonstrated with a power stability of 1%.

The device had a combined thermal management for laser and crystal and can be used as a

mobile sensor for raman spectroscopy.

In this work, a benchtop setup comprising an optical diode was realized. Thus, the foot-

print size was much larger than these integrated devices and even larger than the off-axis

ECDL system since no optical isolator was used there. The output power of the system

presented here was limited by the power incident at the crystal. This scheme can be used

to realize compact integrated SHG devices. However, a challenging aspect for the minia-

turization of a diode laser based SHG device utilizing nonlinear waveguide crystals is the

long term stability of the laser to waveguide coupling.
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7.5 Conclusion

In this chapter, three diode laser systems have been used for efficient frequency doubling

to the blue spectral range. For this purpose four nonlinear crystals exploiting the effect of

QPM have been utilized. Two bulk and two waveguide crystals have been characterized

and applied to SHG.

With the off-axis ECDL that was developed as a part of this thesis, SHG with all four

nonlinear crystals have been performed. More than 140 mW of generated light using the

10 mm long PPLN waveguide crystal and more than 55 mW using the 40 mm long PPLN

bulk crystals could be achieved with this pump laser system. With this pump laser, the beam

quality and the output power were the limiting factors for single pass SHG. With the bulk

crystals astigmatism and beam quality were secondary effects while the raw output power

had the highest impact on the conversion efficiency. In contrast, the opto-optical conversion

efficiency with the waveguide crystals was very susceptible to astigmatism as well as to the

pump laser beam quality. With the off-axis ECDL, the generated light was tunable over a

large range with all four crystals limited by the temperature operation range of the crystals.

With a TA-ECDL in a rear Littrow setup, more than 100 mW at 488 nm could be

generated with the 40 mm long bulk PPLN crystal. The light was tunable over the same

range as with the off-axis ECDL. However, the setup exhibited a lower conversion efficiency

than the off-axis ECDL system caused by an increased bandwidth and the degradation of the

beam quality at higher injection currents. The higher SHG powers were possible because

the TA-ECDL yielded more pump power than the off-axis ECDL. Furthermore, the setup

size was significantly larger and an optical diode had to be used.

By using a DFB diode laser and the 10 mm long PPLN waveguide crystal, more than

159 mW SHG output power at a wavelength of 488 nm were generated and a very high con-

version efficiency was achieved. The SHG output power was mainly limited by the power

of the DFB diode laser. With a lens coupling system, high laser to waveguide coupling ef-

ficiencies were feasible. The blue light was only tunable over a small range because of the

limited tuning range of the pump laser diode. Although the DFB diode laser can be operated

in a larger temperature range resulting in a broader tuning range, it will not be possible to

achieve tuning ranges comparable to the ECDL systems with diffraction gratings. However,

the DFB laser has the highest potential for further integration.

Table 7.5 gives an overview of the results achieved with the 10 mm PPLN waveguide

crystal and the 40 mm long bulk PPLN crystal.

pump laser PPLN crystal PSHG,max ηopto ηnorm tuning range

off-axis ECDL 40 mm bulk 57 mW 6.7% 2%/W·cm ≈ 2 nm

TA-ECDL 40 mm bulk 105 mW 5% <0.9%/W·cm ≈ 2 nm

off-axis ECDL 10 mm WG 142 mW 28% 270%/W·cm2 ≈ 5 nm

DFB laser 10 mm WG 159 mW 39% 290%/W·cm2 < 1 nm

Table 7.5: Summary of the most important SHG results. WG - waveguide.

With the off-axis external cavity designed for the stabilization of the out-of-phase super-

mode of the stripe-array, highly efficient frequency doubling could be demonstrated. The

selection of this supermode and wavelength stabilization resulted in emission with a high

quality. Despite these improvements, the off-axis ECDL could not outperform the two state
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of the art diode laser systems as pump laser for SHG in all cases. However, the coupling

efficiency and the SHG output power with the waveguide was only slightly lower than with

the DFB diode laser. The advantage of the stripe-array compared to the DFB laser is the

large tuning range. Compared to the TA-ECDL, a lower SHG output power was achieved

with the bulk crystal. But the normalized conversion efficiency was higher and SHG with a

channel waveguide is possible with the off-axis ECDL system. While the DFB laser showed

the best results with the waveguide, it can not reach the SHG power values of the off-axis

ECDL and the TA-ECDL with the bulk crystal. The TA-ECDL is not suitable for SHG with

the channel waveguide because the beam shaping is challenging and the coupling losses

will be very high. In conclusion the off-axis ECDL is more versatile than the two other

laser systems since very good results were achieved with all types of crystals.



Chapter 8

Off-axis ECDL based biphoton source

With the frequency doubled off-axis ECDL described in section 7.2, tunable visible radi-

ation at a wavelength of 488 nm with high spectral purity and excellent transversal beam

quality could be realized. This spectral range is of high interest for spectroscopic applica-

tions in the life sciences, because of the absorption bands of the green fluorescent proteins.

However, the penetration depth of organic materials is much higher for longer wavelengths.

Thus, two photon absorption using light with twice the wavelength is very interesting. Be-

cause of the random photon distribution, the two photon absorption rate is several magni-

tudes lower than the single photon absorption rate. To provide the high intensities necessary

for two photon absorption, fs-pulsed lasers are used in most cases. However, the damage

threshold of the organic material is usually low and therefore photo bleaching will occur.

By using entangled or squeezed light where pairs of photons are generated in a nonlinear

process, two photon absorption with several magnitudes lower intensities might be possible

possible. Such photon pairs can be generated by spontaneous parametric down-conversion

(SPDC) and are essential for a number of experiments in quantum optics. In this process

one photon will decay into a pair of photons. These photons are highly correlated in their

temporal and spatial separation and under certain circumstances such a photon pair is called

a biphoton. Especially the fields of quantum cryptography [139] and quantum teleportation

[140] have attracted a lot of attention, including the general media. Furthermore, biphoton

sources based on parametric down-conversion have been considered for several applications

like quantum correlation metrology [141] or quantum spectroscopy [142].

A common way to generate biphotons by SPDC is to use birefringent crystals like beta

barium borate [143, 144], which means, that the generated correlated photons are not emit-

ted in the same transversal mode. However, since the introduction of periodically poled

materials that use the effect of QPM for efficient parametric down-conversion and the avail-

ability of such crystals as waveguides, biphoton sources that deliver high flux rates in a sin-

gle transversal mode have become possible. Several biphoton devices based on periodically

poled bulk [145–148] and waveguide [148–152] crystals have been reported. A comparison

between bulk and waveguide is given in [148].

Because of the low losses of optical fibers, many quantum communication devices are

designed at the typical telecommunication wavelengths of 1.3 µm and 1.5 µm [149–151].

In other work, shorter wavelengths around 800 nm were investigated because of the higher

sensitivity of the detectors [143–148]. To realize compact biphoton sources with a high

electro-optical efficiency, diode lasers were applied for the pumping of the down-conversion

process [145, 146, 150]. Normalized flux rates of up to 2.9 · 10−6 photon pairs/s · mW [148]

and conversion efficiencies of up to 10−6 [149] could be achieved.
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Recently, promising results using down-converted light for entangled two-photon ab-

sorption have been reported [153, 154]. In most entanglement or correlation experiments,

type-II phase matching is used to distinguish signal and idler by the polarization state. For

quantum spectroscopy of large molecules and crystals it is preferable to have signal and

idler in the same state of polarization, so that type-I or even type-0 phase matching should

be considered [155]. This means that typ-0 QPM can be used to access the high nonlinearity

of the d33 coefficient instead of the smaller d24 for type-II phase-matching.

In this chapter, a compact all solid state biphoton source is presented. This source was

explicitly designed for quantum spectroscopic applications, like two photon absorption in

large fluorescence markers with an excitation wavelength of 488 nm. It is based on the

frequency doubled off-axis ECDL described in chapter 7.2.

8.1 Experimental setup and results

The biphoton source described here is based on the frequency doubled off-axis ECDL de-

scribed in chapter 7.2 using the 10 mm long bulk PPLN crystal for SHG. A schematic

drawing is depicted in Fig 8.1. The bulk crystal was temperature stabilized near room

temperature (26◦C) and two crossed cylindrical lenses L1 and L2 were used to create a

symmetric focus inside the bulk crystal. A spherical lens L3 was used for collimation of

the blue light and the infrared emission was separated from the generated blue light light

by the use of a dichroic mirror and a 2 mm thick BG 18 filter. Behind the filter the blue

light was measured to be diffraction limited with M2 < 1.2 for both axes and was free of

astigmatism. The emission wavelength was 487.4 nm and up to 17 mW of blue light could

be obtained 1.

Because of the high sensitivity of the detectors and the high efficiency of the crystal a set

of various NG filters (filters 1) had to be used behind the BG 18 filter for further attenuation

of the blue pump light.

Figure 8.1: Experimental setup of the biphoton source. The frequency doubled off-axis ECDL

was used to pump parametric down-conversion in the 10 mm PPLN waveguide crys-

tal. Cylindrical lenses L1 and L2, round collimation lens L3, aspherical lenses L4, L5

and L6. Avalanche photo diodes (APD) connected to a time-correlated single-photon

counting device (TCSPCD) have been used for detection.

To generate photon pairs by parametric down-conversion, the 10 mm long type-0

proton-exchanged PPLN waveguide crystal was used. The waveguide crystal was tem-

perature stabilized around 112◦C. An aspherical lens L4 with a focal length of 12 mm and

1A higher SHG output power was demonstrated in the previous chapter with the off-axis ECDL as pump

source. However, not all crystals were available at the time of the experiment. The 40 mm long PPLN bulk

crystal was property of Sacher Lasertechnik, the 10 mm waveguide PPLN crystal was used for the SPDC

stage of the experiment and the 12 mm long PPKTP waveguide was not delivered, yet.
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an AR coating in the visible was used for the coupling of the blue pump light into the wave-

guide channel. The laser to waveguide coupling efficiency was better than 75%. A second

aspherical lens L5 with a focal length of 7.5 mm and AR coating in the near infrared was

used for the collimation of the down-converted light. A set of three SCHOTT RG 850 short

pass filters (filters 2) was used for blocking the blue pump light from the generated light.

The down-converted infrared light was coupled into a single mode fiber with an inte-

grated 50:50 beam splitter at 980 nm (THORLABS FC980-50B-FC) that separates signal

and idler into the two fiber branches. On the detector side two avalanche photo diodes

(PERKIN ELMER SPCM AQR-13) with an efficiency of 15% at this wavelength and a time-

correlated single photon counting device (BECKER+HICKL) have been used. Because of

the use of a type-0 QPM crystal for parametric down-conversion, signal and idler have the

same polarization.

External cavity diode laser with wavelength tunable SHG

The off-axis ECDL yielded up to 1 W of diffraction limited, tunable infrared light around

a center wavelength of 976 nm. A bandwidth of 1.8 MHz and a tuning range of more than

35 nm (FWHM) could be achieved. At an injection current of 2.2 A a maximum output

power of 17 mW of diffraction limited blue light was achieved. By changing the tempera-

ture of the SHG crystal and simultaneously changing the ECDL emission wavelength, the

blue light was tunable over several nanometers. The red curve in Fig. 8.2 shows the QPM

wavelength for SHG as a function of the crystal temperature for the bulk PPLN crystal used

for the generation of the blue light in the experimental setup.

To pre-estimate the optimal QPM temperature for degenerated down-conversion inside

the waveguide crystal, this measurement was repeated using the waveguide crystal as SHG

crystal (black curve in Fig. 8.2). The temperature coefficients for both crystals were mea-

sured to be 0.04 nm/K. Because both crystals have a different poling period the absolute

QPM wavelengths for efficient SHG are different at the same temperatures. The tunability

of the down-converted light is discussed in more detail later in this section.
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Figure 8.2: Wavelength for optimum phase-matching as a function of the crystal temperature for the

10 mm bulk PPLN crystal (squares) and the 10 mm waveguide PPLN crystal (crosses).

The temperature coefficients were determined to be 0.04 nm/K for both the bulk and the

waveguide material.
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Photon correlation measurements

For best possible stability of the SHG process as well as the free space laser to wave-

guide coupling the off-axis ECDL was operated at a fixed injection current of 1.3 A. The

temperatures of both crystals (Tbulk 26◦C, Twaveguide = 112◦C, λSHG = 487.4 nm) were held

constant for the highest SHG conversion efficiency and the degenerated case of SPDC,

respectively.
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Figure 8.3: Flux-rate of the generated biphotons as a function of the incident number of photons

coupled to the waveguide crystal.

In Fig. 8.3 the total number of generated photon pairs as a function of the incident

pump photons is depicted. The incident number of photons has been varied by changing

the transmission of the first batch of filters (filters 1 in Fig. 8.1). A flux rate of 4.0 · 107

generated photon pairs per second at 1.2 · 1013 incident photons per second (P = 5.4µW) has

been obtained. The highest SPDC conversion efficiency achieved was more than 8 · 10−6.

As expected, a linear function of the generated photons per second from the number of

incident photons (or input power respectively) was observed. Because of the saturation of

the detectors the maximum incident power coupled to the waveguide crystal was limited

to 5.4 µW. Since the frequency doubled off-axis ECDL is capable of 3000 times higher

output powers an estimated maximum number of 1010–1011 photon pairs per second can be

generated at the maximum SHG output power of the off-axis ECDL.
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Figure 8.4: Coincidence counts measured at a blue light pump power of 2 µW inside the waveguide

crystal. The coincidence count rate was 4.5 · 104/s
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A coincidence measurement at 2 µW pump power inside the waveguide is shown in

Fig. 8.4. The measuring time was 10 s and a coincidence peak of 2690 and a coincidence

count rate of 4.5 · 104 coincidences per second were determined. The data acquisition range

was 50 ns with 4096 data points, the width of the coincidence curve was 0.769 ns (FWHM)

and is limited by the electronics of the measurement system.

Spatial properties of the down-converted light

To investigate the transversal mode quality of the down-converted light an electron-

multiplying CCD camera (ANDOR IXON EM+) with 512 x 512 pixels and a pixel size

of 16 x 16 µm2 was used. The generated light was collimated with the aspherical lens L5

and imaged onto the camera chip. Because of the high sensitivity of the camera, additional

neutral density filters were used behind the PPLN waveguide crystal (filters 2 in Fig. 8.1).
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Figure 8.5: Intensity distribution of the down-converted light in front of the fiber coupler. A nearly

Gaussian distribution was observed.

Fig. 8.5 shows the intensity distribution of the generated biphotons in front of the fiber

coupler. The Gaussian fit through the data gives an overlap of 99.5% for the x-direction and

99.4% in y-direction. A slight ellipticity was observed which is caused by the different size

of the waveguide in x- and y-direction.
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Spectral investigation of the down-converted light

As stated before, the wavelength for QPM in a periodically poled material is a function

of the temperature. Thus, the wavelength for QPM can be changed by adjusting the tem-

perature of the material. Therefore the emission wavelength of the down-converted light,

generated by the source is tunable in two ways: firstly the wavelength of the degenerated

case is tunable, secondly the down-converted emission can be detuned from the degenerated

case.

Tuning wavelength of the degenerated SPDC emission: The wavelength for the degen-

erated case of SPDC is tunable by tuning the emission wavelength of the frequency doubled

off-axis ECDL (by changing the bulk crystal temperature and the grating angle simultane-

ously) and adjusting the temperature of the waveguide crystal to achieve the highest SPDC

conversion efficiency.

Figure 8.6 shows the SPDC pump wavelength at maximum coincidence count rates

as a function of the temperature. Two exemplarily selected SHG emission wavelengths

(λSHG1 = 487.4 nm, λSHG2 = 488.6 nm) have been investigated. The blue crosses indicate the

measured temperatures (Twaveguide1 = 112◦C, Twaveguide2 = 140◦C) of the waveguide crystal

with the highest biphoton flux-rates. A third reference measurement was performed using

a 488.0 nm argon ion laser (Twaveguide3 = 130◦C). The deviation of the determined values

from the SHG QPM curve was negligible.
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Figure 8.6: Pump wavelength for the biphoton count rate maximum as a function of the temperature

of the waveguide crystal (crosses). For comparison the black curve shows the SHG

wavelength of the waveguide PPLN crystal as a function of the temperature (squares).

(De-)Tuning the wavelength around the degenerated SPDC: The degenerated case is

not necessarily the best for the investigation of entangled two-photon absorption. Since the

ambition was to realize a biphoton source for quantum spectroscopy, the emission wave-

length of the down-converted light should be tunable around degeneracy as well. This

was possible when the (blue pump) wavelength emitted by the frequency doubled off-axis

ECDL was fixed and the temperature of the waveguide crystal was changed, only.

For the spectral investigation of this ”detuning” the fiber beam splitter (Fig. 8.1) was

replaced by a single mode fiber which was attached to an OSA. Moreover, the diode injec-

tion current of the off-axis ECDL was increased to 2.2 A and the NG 4 filters have been



8.1. Experimental setup and results 107

removed. The pump power behind the BG 18 filter was 12 mW which results in 9 mW

incident into the waveguide. A coincidence measurement using a time-correlated single-

photon counting device at this high output power was not possible because the avalanche

photo diodes saturated. But an estimation results in a flux-rate of 6.3 · 1010 photon pairs/s.

While the temperature of the SHG crystal remained constant at 26◦C (corresponding to

λSHG = 487.4 nm), the temperature of the (SPDC) waveguide crystal was detuned from the

degenerated case by a few ◦C.

Figure 8.7 (a-d) shows the evolution of the spectrum of the down-converted light for

four different waveguide (SPDC) crystal temperatures from 114◦C to 111◦C while the bulk

(SHG) crystal was operated at 26◦C. At a temperature of 114◦C (Fig. 8.7 (a)) two peaks

around 975 nm are observed. One peak is located at 955 nm the other at 995 nm, each with

a bandwidth of about 14 nm (FWHM). By decreasing the crystal temperature to 113◦C

the two peaks merge and the bandwidth is 30 nm (FWHM). For the degenerated case at

112◦C shown in Fig. 8.7 (c) the bandwidth narrows to 18 nm (FWHM). By decreasing

the temperature further to 111◦C the spectrum broadens to 30 nm again (Fig. 8.7 (d)). By

increasing the temperature to 115◦C the distance between the two peaks was 55 nm centered

around 975 nm. Above 115◦C and below 111◦C, no spectral signal could be detected out

of the noise. This spectral behavior is a proof that down-conversion is present at high pump

powers, as expected.

The normalized biphoton-flux rate as described in subsection 8.1 was 7 · 109 pho-

ton pairs/s·mW. Taking into account that this was measured at the degenerated case

with a bandwidth of 18 nm (FWHM) this can be further normalized to 3.9 · 108 photon

pairs/s·mW·nm, respectively. Another common way to characterize a light emitting source
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Figure 8.7: Spectra of the down-converted light coupled into a single mode fiber and measured with

an optical spectrum analyzer for four different temperatures of the waveguide (SPDC)

crystal. The wavelength of the pump light remained constant.
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is the average number of photon pairs emitted per coherence time 〈n〉 = N · τc, with

τc = 0.44 ·λ2/(c ·∆λ). Considering a measured bandwidth of ∆λ = 18 nm around a center

wavelength of λ = 974.8 nm this gives a coherence time of τc = 7.76 · 10−14 s. The number

of generated photon pairs at 9 mW was estimated to be 6.3 · 1010 photon pairs/s, which

results in 〈n〉 = 0.0065.

Influence of the detuning around the degenerated SPDC on the biphoton flux-rate:

The measured coincidence rate as a function of the crystal temperature is shown in Fig. 8.8

for a pump wavelength of λ= 487.4 nm. This measurement was performed under the same

condition as described in subsection 8.1, at a low coupled blue power of 2 µW inside the

waveguide, because at higher pump powers the detectors saturated.

The degenerated case with the highest biphoton flux rate of 4.5 · 104 coincidences/s

was observed at a waveguide temperature of 112◦C. For the broadest detected spectrum (at

115◦C) the biphoton flux rate was a 4.5 times lower compared to the maximum, but still

exceeded 104. Furthermore, even at a detuning of 5 nm from the peak emission the detected

coincidence rate was measured to be above 103 photons per second.
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Figure 8.8: Measured coincidences per second as a function of the waveguide temperature at a

coupled blue pump power of 2 µW. At a pump wavelength of 487.4 nm the degenerated

case is reached at 112◦C and the highest biphoton count rate of 4.5·104 coincidences/s

was obtained.

8.2 Summary

A compact all solid state biphoton source based on a frequency doubled off-axis ECDL was

realized. A high biphoton flux rate of more than 107 photon pairs per second was achieved

with very low pump powers of a few µW. This was realized by coupling the blue light into

the 10 mm waveguide PPLN crystal. The efficiency of the SPDC process was higher than

8 · 10−6 and a linear function between input power and flux rate was observed. By assuming

the process to remain linear, the maximum flux rate generated by the device is in the order

of 1011 biphotons per second at a pump power >15 mW.

A potential application of the down-converted light at 976 nm is correlated two-photon

spectroscopy of green fluorescent proteins [156]. Such an experiment was shown by Lee

et al. [153]. In this experiment, a fs-laser with a duty cycle of 8.2·10−5 was used and a

flux-rate of 3 · 105 photon pairs/s have been sufficient to perform the entangled two-photon
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absorption experiments. Considering this duty cycle, a rate of 1010 photon pairs/s should

be high enough to realize correlated two photon absorption experiments with cw light.

Due to the tunability of the frequency doubled off-axis ECDL, the wavelength of the

degenerated SPDC case could be tuned over several nanometers. Furthermore, it was pos-

sible to realize down-converted biphoton emission in the non-degenerated case by changing

the waveguide crystal temperature. Detailed investigations of the spectral evolution and the

influence of non-degeneration on the SPDC conversion efficiency showed promising results

for the use of this device in quantum spectroscopy applications.

The non-classical light emitted by the source could be tuned regarding the center wave-

length of the degenerated case and by the degree of degeneration. The correlated photons

were emitted in the same transversal mode. The beam quality of the blue pump light was

measured to be M2 < 1.1 and the SPDC light showed a near Gaussian emission. This re-

sulted in a high brightness of the biphoton emission. The bandwidth of the down-converted

emission was measured to be 18 nm (FWHM). This is relatively narrow compared to pulsed

biphoton sources as a result of the use of a narrow band cw pump laser.

Photo-refractive damage and blue induced infrared absorption were not observed during

the experiments in any case. The pump power of the blue light was approximately one mag-

nitude lower than during the SHG experiments as discussed in section 7.2.2. The generated

normalized biphoton-flux rate of more than 7 · 109 photon pairs/s ·mW (and 3.9 · 108 photon

pairs/s ·mW · nm, respectively) are among the highest values using diode lasers in an SPDC

process in this spectral region.

Since the overall efficiency of the device was mainly limited by the efficiency of the

bulk PPLN crystal used for the SHG, the use of a second waveguide crystal for the fre-

quency doubling should improve the overall efficiency of the system by at least one order

of magnitude.

However, in this experiment the frequency doubled off-axis ECDL could show its full

potential. To pump SPDC in the waveguide crystal blue emission with a high wavelength

stability and a large tuning range is demanded. For efficient coupling, the pump light has to

be free of astigmatism with an excellent beam quality. The stripe-array yielded blue light

with the required quality. The DFB laser has the advantage of very good beam quality, but

has a limited tuning range. Furthermore, the best results with the DFB laser were achieved

with the waveguide crystal which was used for the SPDC in this experiment. With the

10 mm bulk crystal only 4 mW of blue light could be generated. The TA-ECDL is a high

power device and the coupling of the emission from this laser into a channel waveguide is

very challenging. Since this is also the case for the frequency doubled radiation it can not

be applied to this experiment. Thus, the external cavity enhanced stripe-array amplifier was

the best choice in these circumstances.
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Chapter 9

Summary and conclusion

A huge number of applications require coherent radiation in the visible spectral range. Since

diode lasers are very compact and efficient light sources, there exists a great interest to cover

these applications with diode laser emission. Despite modern band gap engineering not all

wavelengths can be accessed with diode laser radiation, especially in the visible spectral

range.

Broad area (BA) diode lasers are reliable high power light sources in the near-infrared

spectrum. Frequency doubling of near-infrared radiation is a common way to generate

emission in the visible spectral range, but BA lasers are not suitable as pump lasers for

efficient frequency conversion because of their poor beam quality and spectral properties.

For this purpose, tapered lasers and diode lasers with Bragg gratings are utilized. However,

these new diode laser structures demand for additional manufacturing and assembling steps

that makes their processing challenging and expensive.

An alternative to BA diode lasers is the stripe-array architecture. The emitting area

of a stripe-array diode laser is comparable to a BA device and the manufacturing of these

arrays requires only one additional process step. Such a stripe-array consists of several

narrow striped emitters realized with close proximity. Due to the overlap of the fields of

neighboring emitters or the presence of leaky waves, a strong coupling between the emitters

exists. As a consequence, the emission of such an array is characterized by a so called

supermode. Because of the lack of wavelength stabilization, mode competition between

several supermodes can occur that leads to power fluctuations and poor beam quality.

One way to stabilize a specific supermode of an array is to operate it in an external

cavity. In this work the emission properties of stripe-array amplifiers were studied theoreti-

cally and experimentally to realize a synchronization between the emitters. The aim was to

achieve stable longitudinal and transversal single mode operation with high output powers

giving a brightness sufficient for nonlinear frequency conversion.

Therefore it was necessary to investigate the physics that are responsible for the emis-

sion properties of the array. Based on mathematical simulations and experimental work,

novel external cavity concepts have been developed to tailor the emission of such a stripe-

array. The external cavity was designed to select a specific supermode and stabilize all

emitters of the array at the same wavelength. This resulted in stable emission with a new

level of brightness and brilliance compared to other BA and stripe-array diode laser systems

and satisfied the requirements for nonlinear frequency conversion.

By using periodically poled crystals in a single pass setup it was possible to generate

blue light with a very high opto-optical conversion efficiency. Furthermore, the blue light

could be used to generate biphotons by parametric down-conversion.

111



112 9.1. Summary of contributions

9.1 Summary of contributions

In the first part of this thesis, the emission of a stripe-array amplifier with 40 emitters was

investigated with the use of different external cavities. To predict the transversal supermode

of the array that possesses the lowest threshold and highest stability, the stripe-array was

simulated as a diode laser using a traveling wave model. The numerical simulations showed

a strong tendency of this stripe-array to oscillate close to the out-of-phase supermode where

neighboring emitters are coupled with a phase shift of π. However, due to the lack of

wavelength stabilization, this supermode was not fully stable and higher order transversal

modes were observed in the simulations. Thus, the free running stripe-array could not be

used for the targeted applications, but the simulations were necessary for the design of an

external cavity.

In chapter 4, the stripe-array amplifier and a BA amplifier were investigated at angular

selective feedback by using two different resonator schemes. The resonator exploiting the

spherical aberrations of a cylindrical lens as proposed by Raab et al. [64, 65] did not

provide the necessary angular selectivity. A higher angular selectivity was realized with a

plane mirror and asymmetric off-axis feedback. As predicted in the simulations, the stripe-

array emission depended strongly on the feedback angle and operated preferably in the

out-of-phase supermode. The BA amplifier did not show such a susceptibility to angular

feedback and the transversal mode could not be stabilized, resulting in a poor beam quality.

The investigations showed that the stripe-array could outperform the BA amplifier when

stabilized with off-axis feedback. With the selection of the supermode of the stripe-array

the beam quality could be improved drastically. However, the supermode could not be

stabilized due to the longitudinal multi mode operation. Thus, it was necessary to use

additional wavelength selective elements.

In chapter 5 two Littrow type external cavity diode lasers (ECDLs) have been investi-

gated. First, an on-axis ECDL without angular selectivity was studied. Tunable, narrow

bandwidth emission with an optical output power of up to 6.8 W was demonstrated [157].

Because of the lack of angular selectivity the beam quality was insufficient for nonlinear

applications. In the next step, an off-axis ECDL was designed to select and stabilize a

lateral supermode in combination with wavelength stabilization. By selecting the out-of-

phase supermode, diffraction limited, narrow bandwidth of emission with an output power

of 1 W could be obtained [75]. A brightness of B = 62.5 MW/cm2-str, a bandwidth below

2 MHz and a tuning range of more than 30 nm were achieved. For the interpretation of

the experimental results the numerical model was extended with a feedback term to model

the external cavity. The calculations were in good agreement with the experimental data.

Thus, in the first part of this thesis the emission of a stripe-array amplifier was improved

successfully. This was feasible by extracting the physical characteristics of the array in

theoretical and experimental investigations in a step wise process. As a result, the off-axis

ECDL emission fulfilled the requirements necessary for nonlinear frequency conversion.

The second part of this work was dedicated to nonlinear frequency conversion. The off-

axis ECDL was utilized as pump laser for single pass second harmonic generation (SHG)

at a wavelength of 488 nm, as presented in chapter 7. With a 40 mm long bulk crystal,

more than 50 mW blue light were generated. By using a 10 mm long periodically poled

lithium niobate (PPLN) waveguide crystal more than 140 mW and an opto-optical conver-

sion efficiency of 28% could be achieved [158]. As a benchmark for the off-axis ECDL,

other state of the art high brilliance diode lasers have been used as pump lasers for SHG

with the same nonlinear crystals. Although the off-axis ECDL did not outperform the two
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other laser systems in all cases, it could compete under most circumstances and was the

most versatile solution. However, compared to the free running chip the advantage made

with the off-axis feedback was huge and completely new applications could be accessed.

Because of the improvement of the emission quality it was possible to realize a light

source that can be used for experiments in quantum optics. In chapter 8, the blue light

emitted by the frequency doubled off-axis ECDL was used to generate biphotons inside a

10 mm long PPLN waveguide crystal. A high biphoton flux rate of more than 7 · 109 photon

pairs/s ·mW could be realized [159]. To my knowledge, this was the first time that a BA or

stripe-array diode laser system was used as a pump laser for parametric down conversion.

Here, the off-axis ECDL was the best choice as pump laser.

In conclusion the methods that have been developed in this work by experimental and

theoretical investigations opened the door for the application of stripe-arrays to experiments

in nonlinear optics allowing very high efficiencies. The work presented here consisted of

several incremental steps that were taken logically and consecutively. The results obtained

during this work were record values at the time of their publication.

9.2 Future directions

As in most experimental and scientific work, there are several parameters that can be im-

proved in the future.

First of all, the semiconductor material and the array design can be optimized further.

The vertical structure that was used here featured a waveguide with a thickness of 0.88 µm.

Today, super large optical cavities are available with waveguide thicknesses of up to 8.5 µm

[25].

The numerical model is a powerful tool that can be used to design an advanced stripe-

array architecture. Parameters like the emitter size, the pitch between neighboring stripes

and the number of individual emitters can be varied in the model. Furthermore, the off-axis

ECDL was limited by thermal rollover and modeling of different feedback conditions can

be performed to find the reasons for this limitation.

Concerning the frequency conversion experiments several improvements are possible.

At the moment first experiments that aim at higher efficiencies by resonant SHG in an ex-

ternal ring resonator have been done using the off-axis stripe-array ECDL as pump laser

[160]. So far, 130 mW were demonstrated by using a 10 mm long bulk PPLN in a miniatur-

ized enhancement resonator. The SHG output powers achieved with the waveguide crystals

were mainly limited by laser to waveguide coupling losses. A further improvement of the

beam quality may lead to better coupling efficiencies and higher SHG output powers, but

also other waveguide sizes and tapered input facets can be considered.

The electro-optical efficiency of the biphoton source was mainly limited by the conver-

sion efficiency of the infrared light into the blue spectrum because only the 10 mm long

bulk PPLN crystal was used. By using two waveguide crystals, a higher efficiency and a

higher biphoton flux rate should be feasible.
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List of acronyms

AlGaAs aluminum gallium arsenide

AR anti-reflection

BA broad area

cw continuous wave

DFB distributed feedback

DBR distributed Bragg reflector

ECDL external cavity diode laser

FAC fast axis collimator

FPI Fabry Perot interferometer

FSR free spectral range

FWHM full with at half maximum

GaAs gallium arsenide

HR highly reflecting

HT highly transmissive

InGaAs indium gallium arsenide

KTP potassium titanyl phosphate

LN lithium niobate

LT lithium tantalate

OSA optical spectrum analyzer

PPKTP periodically poled potassium titanyl phosphate

PPLN periodically poled lithium niobate

PPLT periodically poled lithium tantalate

QPM quasi phase-matching

SAC slow axis collimator

SHG second harmonic generation

SPDC spontaneous parametric down conversion

TA tapered amplifier

TE transverse-electric

TM transverse-magnetic

115



116 List of acronyms



Appendix A

Additional information

A.1 Second order susceptibility χ
(2)

The susceptibility χ
(n) is a tensor of the rank (n+1). Thus, the second order susceptibility

χ
(2) is a third rank tensor with 27 components. In the case of SHG, where two of the

three participating fields are identical, the intrinsic permutation with χ
(2)
ijk = χ

(2)
ikj can be

performed. This results in the following notation:

jk: 11 22 33 23,32 31,13 12,21

l: 1 2 3 4 5 6

Thus, the tensor χ
(2)
ijk can be simplified to a tensor dil with only 18 independent components:

dil = ε0







d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36





 , (A.1)

whereas χ
(2)
ijk = 2dil.

Several general symmetry rules, like the Kleinman symmetry, or explicit symmetry

rules for each crystal class can be used for a further simplification of this matrix. Moreover,

certain tensor components vanish under specific circumstances. This is described in detail

in the textbooks of Boyd [81] and Zernike [161]. Here only the two relevant tensors for the

materials that have been used in this work will be given:

KTP has an orthorhombic crystal structure with the point group mm2 and its polar-

ization for SHG reads:







P(2)
x

P(2)
y

P(2)
z





 = ε0







0 0 0 0 d31 0
0 0 0 d32 0 0
d31 d32 d33 0 0 0



























E2
x

E2
y

E2
z

2EyEz

2EzEx

2ExEy





















. (A.2)

For a rhombohedral crystals with point group 3m (like lithium niobate) it reads:
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





P(2)
x

P(2)
y

P(2)
z





 = ε0







0 0 0 0 d31 −d22

−d22 d22 0 d31 0 0
d31 d31 d33 0 0 0



























E2
x

E2
y

E2
z

2EyEz

2EzEx

2ExEy





















. (A.3)

Several consequences result from these matrices, like which scalar coefficient deff

can be used with which participating fields. Furthermore, the possible phase-matching

types are determined for a given crystal direction by this material dependent parameters.

A.2 Measurement devices

Power measurement: For power measurement in the infrared spectrum, two thermoelec-

tric detectors from Gentec have been used: the PS-310 with a range from 2 mW to 3 W and

a resolution of 100 µW and the PS-330 ranging from 6 mW to 40 W with a resolution of

300 µW. Both heads are specified with a rise time of 1-2 s and a precision of ± 2.5% and

have been operated with the monitors Gentec Duo and Gentec TPM-300 CE.

For the low power measurements in the blue and infrared spectral range, the Thorlabs

“Powermeter” with a silicon detector ranging from 400 nm to 1100 nm. The precision is

± 5 digits at a measuring range from 20 nW to 30 mW.

Measuring the beam propagation factor M2: The measurements of the far-field inten-

sity distributions, the beam profiles and the caustics were performed with the linear scan-

ning system Beamscope-P5 from Data Ray. This device utilizes a “moving slit” technique

that is conform with the ISO 11146 standard [17]. The moving slit is equipped with a mea-

surement head with a detector that scans the beam profile perpendicular to the propagation

direction. For our measurements, a silicon detector that is sensitive from 190 to 1150 nm

was used. A single and a double slit with slit widths of 5 µm have been used. By using a

double slit it is possible to measure both axes of the laser beam simultaneously. To obtain a

beam caustic, the head is mounted on a precision translation stage and is moved along the

propagation direction of the laser beam. To measure the beam parameter product, a focus

has to be generated in the middle of the scanning path of the device. The scanning range

should cover two Rayleigh length of the laser beam and a focusing lens without aberrations

should be used.

Optical spectrum analyzer: The spectral measurements have been performed with the

optical spectrum analyzer (OSA) AQ-6315Q manufactured by Ando. The aperture of the in-

put fiber is imaged onto a detector behind a variable aperture. The OSA comprises movable

gratings and the spectrum is scanned step by step. The resolution and the dynamic range

depends on the scanning speed of the device. It has a measurement range from 350 nm to

1750 nm and a resolution of 50 pm. Furthermore, it is possible to perform several scans

and use the internal mathematical analysis to virtually increase the dynamic range.
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Fabry-Perot etalon: The free spectral range of an etalon and is given by:

FSR =
c0

2 · L · n,

with the speed of ligh c the index of refraction n and the thickness of the etalon L. The

finesse F depends on the reflectivities R of the surfaces and reads:

F =
π ·

√
R

1 −R
.

The resolution of the etalon is given by:

∆ν =
FSR

F

Here, an etalon made out of BK7 (n = 1.5) with a reflectivity of R = 85% and a thickness

of d = 2 mm was used. The FSR was 50 GHz, the finesse F = 17.8 giving a resolution of

∆ν ≈ 3 GHz. The interference pattern was imaged onto a CCD camera.

Furthermore, a scanning Fabry-Perot interferometer (Burleigh, FPI-SA-91) with an

FSR of 8 GHz was used at Sacher Lasertechnik for the characterization of the off-axis

ECDL and the DFB diode laser.
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C-07 A. Jechow, S. McNeil, C. Kaleva, D. Skoczowsky and R. Menzel, “Highly efficient

single-pass blue-light generation at 488 nm using a PPKTP waveguide crystal and

high-brightness diode lasers,” Photonics West 2009, San José, USA, 27.01.2009
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USA, 05.05.2008



Publications 135

C-12 A. Jechow, A. Heuer, M. Kelemen, R. Menzel, “Highly efficient tunable blue light

generation by SHG of an external cavity enhanced broad area laser diode using a

PPLN waveguide,” Photonics Europe, Strasbourg, France, 07.04.2008

C-13 A. Jechow, S. Stry, J. Sacher, R. Menzel, “Single pass SHG of a high power DFB RW

laser with more than 50% conversion efficiency using a PPLN waveguide crystal,”

Photonics Europe, Strasbourg, France, 07.04.2008

C-14 A. Jechow, A. Heuer, D. Skoczowsky, R. Menzel, “Highly efficient blue light gener-

ation with high brightness semiconductor lasers,” Laser Optics Berlin, 17.03.2008

C-15 A. Jechow, D. Skoczowsky, R. Menzel, S. Stry, J. Sacher, “159 mW blue light

by single pass second harmonic generation with 52% conversion efficiency using a

PPLN waveguide crystal and a cw DFB laser,” Photonics West 2008, San José, USA,
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Diode lasers are compact and efficient light sources but despite 
modern bad gap engineering not all wavelengths have been realized, 
yet. Thus, nonlinear frequency conversion is necessary to cover the 
huge range of applications that require coherent radiation in the 
visible spectral range.

In this work, stripe-array diode lasers have been studied comprehen-
sively. Such a stripe-array consists of several narrow striped emitters 
with an emitting area comparable to a broad area diode laser. The 
aim was to achieve stable longitudinal and transversal single mode 
operation with high output powers giving a brightness sufficient for 
efficient nonlinear frequency conversion.

The physical effects that are the origin of the emission characteristics 
of the stripe array were investigated theoretically and experimentally. 
Numerical models could be verified and extended. Novel external cav-
ity designs for the selection and stabilization of a specific array mode 
have been developed. Highly efficient second harmonic generation as 
well as the generation of biphotons by parametric down-conversion 
could be demonstrated.
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