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Chapter 1: lntroduction 

Chapter 1 
Genera) introduction 

1.1. Motivation 

Perhaps the most dynamic diode-laser market, exploding in 1997 [ 1 ], is that for devices 
having 750-980 run wavelength and power output greater than 1 W with historica) and forecasted 
growth of about 20 % per year. As diode laser prices have fallen, a nwnber of industrial applications 
have begun to open up. Historically, high power laser diodes were used primarily as pump sources 
for diode pwnped solid state lasers (DPSSLs). Although this application remains strong, other 
applications have become significant as well. Beyond pwnping solid state lasers a variety of other 
applications for high power devices involve the direct use of laser radiation. These include 
commercial printing, material processing, medicine, instrumentation and sensing. 

This is a more economical use of diode laser power, as opposed to converting it to solid
state laser radiation as in DPSSL. Certainly, for applications that require very high beam quality, 
high peak powers or wavelengths specific to solid-state lasers (J.064 µm of a Nd:YAG laser, for 
example), diode pumped solid-state lasers may be the appropriate approach. However, for many 
other applications, direct diode power is both feasible and economical. Complete fibre-coupled 
high-power diode laser systems (including power supply, cooler and so forth) are available on the 
mark et. 

High power operation of semiconductor laser diodes is limited by two factors : thermal 
rollover and/or catastrophical optica) damage (COD) of the mirror. Thennal rollover is related to 
the degradation of the threshold current density and differential efficiency due to the healing of the 
device, more marked in the CW regime. Because laser diodes are very sensitive with respect to the 
increase of temperature in the p-n junction, for high power operation, they have to be mounted with 
great care in the p-down configuration, i.e. epitaxial side on the heat sink. 

COD degradation of the diode facets is caused by temperatures exceeding the melting point 
of the laser crystal ( 1500 K for GaAs ). This very high temperature increase is believed to be due to 
the high concentration of nonradiative centres localised at the mirrors, where the crystal is abruptly 
interrupted by cleaving. As a consequence of nonradiative recombination at the facet [ 4), a positive 
feed-back process is initiated. The absorption coefficient increases up to values of 1 o• cm·1 due to 
healing and the temperature rise corresponding to the melting point of the crystal can be reached 
within 100 ns in a typical GaAs/AlxGa1_xAs structure. 

If we take into consideration an upper limit of 4000 A/cm2 below which CW operation is 
not thermally limited (with appropriate passive heat sink or Peltier added cooling), then, due to the 
low value of the threshold current density, most single stripe devices are limited by COD at this 
injection level. Early observations have shown that COD power P cao is proportional to the amount 
of optica( radiation at the mirror facet and that, generally, the following dependence can be 
assumed: 

d 
Pcoo=p · w · r (1.1) 

where the critica( power density p is a constant characteristic to the material system (which has the 
value ofabout 4 MW/cm2 for GaAs/AlxGa1_xAs system), wis the stripe lateral width, dis the active 
region thickness and r the confinement factor. The confinement factor gives a measure of the 
fraction of the optical field from the entire transversal waveguide which is comprised within the 
active region ( see also fig. 1.1) and is given by: 
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a) usual symmetrie structure and b), c) different asymmetrie approaches. 

4.5 

The subject of this thesis is related to the improvement of performances of high power 
semiconductor laser diodes emitting in the wavelength range of 840 - 980 run using structures with 
a lower confinement factor of the radiation in the active region [2,3]. Tuis refers to an asymmetrie 
laser structure with a larger spot size d I r, that is a lower power density in the growth direction (a 
smaller confinement factor). There are three benefits resulting from this new approach. The main 
one is the increase of the catastrophical optica! damage (COD) limit, which is proportional to the 
inverse of the confinement factor (see 1.1), while keeping the threshold current density at values 
much lower than the operating current density. Indeed, it is going to be shown in Chapter 5 of this 
work that as high as 1.8 W CW (continuous wave operation) output power can be obtained from 50 
µm wide, 2 mm long devices with uncoated facets. This means about 35 mW/µm and ifwe compare 
it with the value of 14 mW/µm reported for conventional structures [11] we obtain an improvement 
with a factor of 2.5, in good correlation with the factor by which the confinement factor is 
decreased. 
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Chapter 1: lntroduction 

The second benefit is related to the improvement of the lateral behaviour of the beam, since 
it is known that although semiconductor laser diodes operate in the fundamental transverse mode 
with aspot size of less than l µm (due to the strong index guiding provided by layers with different 
compositions), in the lateral direction the high power optica! output of devices with stripe width 
larger than 5 µm is multimoded. It shows unstable far fields and broadened spectra due to the 
perturbation of the initia! built-in lateral index guiding provided by etching the semiconductor 
material outside the stripe area in ridge waveguide devices. This perturbation is due to carrier 
induced antiguiding, i.e. the lateral effective refractive index in regions with high carrier density is 
decreased, and to strong interaction between the optica! field profile and the injected carrier density 
distribution above threshold. Thus filamentation occurs. The carrier induced antiguiding in the 
lateral direction decreases linearly with the transverse confinement factor of the active region and so 
it is expected that the laser will operate up to higher output power in the fundamental lateral mode 
for low confinement structures, before the onset offilamentation. 

This has been theoretically predicted in [3] for single stripe emitters and recently proved 
experimentally for tapered laser diodes by Cho et. al. (9]. This work (Chapter 6) is going to analyse 
in more detail specific limitations for weakly index guided single emitters, i.e. thermal effects and 
stress induced variations of the lateral effective refractive index. Usually an oxide or insulator layer 
is used in the lateral direction in order to restrict current injection to the stripe region. This layer has 
a thermal expansion coefficient significantly lower than the semiconductor material and thus 
induces important stresses and related antiguiding changes of the effective refractive index. This 
effect is evaluated for the case of anodic oxide. In order to have significantly improved results for 
the lateral behaviour of the beam it has also to be minimised and decreased down to ó.neff values 
lower than 10-4• 

Last benefit, although not relevant in the present thesis, is related to an increase of 
flexibility for designing devices for integrated opties. Recent developments show that asymmetrie 
structures can also be used for integration of lasers with optica! amplifiers and waveguides [10]. 

This work was financially supported by IOP Electro-Optics "High-Power Single-Mode 
Diode Lasers for Optica! Pumping and Medica! Applications" subproject l of the project "Short
Wavelength Semiconductor Lasers for Special Purposes" having the main purpose to improve 
pump lasers for EDFA (Erbium doped fiber amplifiers) and high power diode lasers for medica! 
applications. 

1. 2. Low confinement concept for single stripe laser diodes 

In a semiconductor laser diode the radiative hole-electron recombination process, which is 
responsible for the laser emission of the device, occurs only in the very tiny volume of the active 
region, due to the presence of the neighbouring so-called harrier layers with larger bandgap. The 
radiation generated in the active region spreads over the whole area of the optica! waveguide, 
defined by the combination of electrical harrier layers and outer confinement layers. This extension 
of the optica! field in the transversal direction (perpendicular to the growth plane) is determined by 
the composition (which tailors also the refractive index) of the confinement and barrier layers. 

For many years, since the beginning of the development ofvery thin active region (quantum 
welt or QW) devices, the challenge was to reduce further and further the threshold current density, 
which means a structure design having the confinement factor as high as possible. So, historically, 
the trend was from bulk active regions (0.1 µm - 1 µm) with corresponding threshold current 
density in the range 1000 - l 0000 A/cm2 towards quantum well active regions with thickness in the 
range 5 -11 nm and threshold current density of 100 - 300 A/cm2• That was a major step in the 
development of semiconductor laser diodes and was possible due to the maturing of MBE and 
MOCVD techniques (6-8] . 

With these achievements, soon CW laser diodes were no more limited by the thermal 
rollover but by the catastrophical degradation (COD) of the mirror. This makes possible to increase 
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1.2. Low conji.nement concept/or single stripe laser diodes 

the spot size dl r while maintaining the threshold current density at tolerab\e levels in comparison 
with the operation current density. 

1. 2.1. Transvers al optica! design 

Ifwe examine eq. 1.1, we notice that ifwe could lower the confinement factor r by a factor 
of three for example, the output power before COD could be three times higher. As a result, the 
device is no longer COD limited at injection levels of 4000 Ncm2• For example, we can design low 
confinement structures that should operate at Y2 or Y. the COD level for 2000 Ncm2 injection level 
[3]. This would correspond to a 1 W total output power from 12 µm stripe device, in the 
fundamental lateral mode, which would mean a factor of three more power avai\ab\e if compared 
with structures optimised for threshold current density. 

Besides being used fora single stripe device, this approach can be applied to MOPA (Master 
Oscillator Power Amplifier) or tapered laser configurations, or a diode laser array, to increase the 
output power from semiconductor sources in the same way. 

It is important to examine in more detail the implications of a lower confinement factor on 
structure design and device manufacturing. 

If we want the active region to operate at the same material gain as in normal laser diodes, 
then the threshold modal gain G,h should be in proportion to the confinement factor lower, which 
implies the use of a low value of the attenuation coefficient a of the structure and a Jonger device 
length L = 3 - 5 mm (compared with usual values of L"" l mm). Ris the reflectivity of the uncoated 
mirrors. 

1 1 
G =a+-ln-

"' L R 
(1.3) 

If, in addition, we want to have a reasonable value of the differential efficiency 'ldifP the 
absorption coefficient should have a value below 1 cm·1, which is to be compared to common values 
of 2.5 - 5 cm·1• This requires a relatively lower doping of the structure in order to reduce free carrier 
absorption, keeping in the same time the values of the series resistance low enough. 

±tn(*) 
'ldiff = 1 ( 1 ) 

a+ - ln -
L R 

(1.4) 

One of the aims of this thesis is to prove that such a low value of the absorption coefficient 
can be achieved in injection-like semiconductor structures meant for laser diode devices. 

1.2.2. lmprovement of the beam quality in the lateral direction 

While the optica! waveguide is very well defined in the transversal direction due to the 
relatively large differences between the refractive indices of the waveguide layers, in the lateral 
direction (parallel to the growth plane) the beam is much more unstable due to auto-filamentation. 
This is a very well known phenomenon which limits the single lateral filament stripe width to 
values around 3 µm. This value did not change much since the beginning of the development of 
semiconductor laser diodes. Instead, the efforts were moved towards the direction of integration of 
more single filaments oscillating in phase, but this proved to be a very difficult task. The reason of 
the auto-filamentation lies in a positive feed-back due to the strong interdependence between canier 
profile and stimulated emission profile above threshold. In a large stripe, as a result of a carrier 
injection profile with a maximum in the middle of the stripe width (near threshold), the effective 
refractive index is going to have a depression in the same place (antiguiding). In the same time, the 
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Chapter 1: lntroduction 

carrier density and thus the gain is smaller in the middle of the stripe due to larger stimulated 
emission. As a consequence, the lateral first order mode begins to be favoured compared to the 
fundamental mode and if the stripe width exceeds a certain value, the radiation is going to break 
into filaments whose width depends on the amount of antiguiding and on the temperature profile. 

The amount of antiguiding &i,ff is given by: 

L1n == _ b ·r. g,h (1.5) 
ejJ- 2·k 

0 

where bis the antiguiding factor which is usually 2 - 4 in the GaAs/A!GaAs system [5], k0 is the 
propagation constant in vacuum and g,h is the material gain at threshold. 

Examining this equation, we can see that if the confinement factor is lower, the amount of 
antiguiding is also lower and wider stripes are expected to operate in a single lateral mode. As 
shown in (3] and also argumented in this work devices having stripe widths of 12 µm can operate in 
the fundamental lateral mode at power levels of 1 W in very short pulse conditions. It will also be 
shown that for larger pulse widths and CW operation, therrnal and stress-induced effects limiting 
the fundamental mode operation become important and set a lower limit to the values of the 
strength of the lateral index-guiding which can be used. 

1.3. Organisation of the thesis 

The thesis content is organised in the following manner: Chapter 1 presents the applications 
for which high power laser diodes are needed, together with the improvements expected from the 
low confinement concept applied to the structure design and device manufacturing. 

Chapter 2 examines the theoretica! models used for designing the waveguide in the 
transversal and lateral direction. 

Chapter 3 deals with modelling of gain and carrier transport within the heterostructure. 
Parameters such as threshold current density, differential efficiency and the empirica! T0 parameter 
which characterises the temperature dependence of the threshold current density are modelled. Also, 
a short review of the reported effects of the carrier capture and escape rates into and from the QW 
on device performances is made, in order to explain some of the experimental results. 

Chapters 4, 5 and 6 present the experimental results obtained from low confinement 
structures. First the processing of the devices is described in Chapter 4, with emphasis on the 
processes that are not common for laser diodes. Specifically, repeated anodic oxidation is used for 
the first time to etch the material outside the stripe region with very good contra! of the etch depth. 

Then, Chapter 5 presents the measured values of the threshold current density, differential 
efficiency, absorption coefficient, characteristic temperature T0 , which characterise the transversal 
layer stack. An output power as high as 1.8 W CW (continuous wave operation) was obtained from 
50 µm wide, 2 mm long devices with uncoated facets. This means 36 mW/µm i.e. an improvement 
with a factor of 2.6 if compared with the value of 14 mW/µm reported for conventional structures 
(11] optimised for threshold, in good agreement with the factor by which the confinement factor is 
decreased. It is also proved that it is possible to design structures with very low values of the 
intemal absorption coefficient a < 1 cm·' and having series resistance comparable with common 
devices in a reproducible way, not limiting the CW output therrnally up to at least 4000 A/cm2 . 

Chapter 6 deals with lateral behaviour. Unexpected for edge-emitting laser diodes, thermal 
waveguiding tums out to have important contribution in our weakly-index guided devices, 
especially for operation at current densities of about 2000 A/cm2• Since this it is not found in usual 
devices it is studied in more detail and the amount of thermal waveguiding is estimated from far
field and wavelength measurements. Next, another unexpected factor is evidenced and modelled, 
i.e. variations of the effective refractive index due to the stress induced by the anodic oxide used to 
restrict current injection. lts magnitude for anodic oxide is experimentally evaluated and modelled 



1.3. Organisation of the thesis 

taking into consideration the ridge shape. Thennal effects and stress induced perturbations of the 
lateral effective index are thus limiting the fundamental mode behaviour in the lateral direction and 
put a lower limit on the magnitude of the built-in index guiding provided by the etch depth outside 
the stripe region in ridge-waveguide devices. 

Chapter 7 summarises the work and discusses further improvements for obtaining maximum 
CW operation in fundamental mode, improvements related to the influence of thennal and stress 
induced effects. 

As an overall conclusion, the concept of "low confinement laser diode structure" proves to 
have definite advantages over the classica! design, and is worthwhile to be further developed 
towards commercial CW devices. 
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Chapter 2: Modelling of the optica/ waveguide 

Chapter 2 
Modelline of the optical waveeuide 

2.1. lntroduction 

This chapter describes the modelling of the optica! properties of the laser waveguide. 
First, for the transversal (perpendicular to the growth plane) direction, a transfer matrix 

approach is used to find the optica] field distribution. The complex refractive index allows to 
simulate the loss due to field extension in the substrate and contact layers. Important parameters 
such as confinement factor, modal absorption in the GaAs lossy layers and transversal divergence 
are extracted using this method. Theoretically, oscillations in the modal absorption as a function of 
contact layer thickness are found because of the extension of the optica! field distribution in the 
contact layer. This effect is reported for the first time in [1] and some possible applications for DFB 
laser diodes are suggested in this thesis. For thick enough confinement layers, as is the case in the 
present work, this should not influence the modal absorption. Mainly, all parameters described here 
are determined by the transversal sequence of epitaxial layers and characterise the whole wafer after 
growth. 

Second, a quasi two-dimensional model for the lateral beam behaviour is used to 
theoretically study the stability of the fundamental mode as a function of stripe width and etch 
depth, which depend on the processing technique up to the device level, after growth is completed. 
Thermal effects are not included in a self consistent way in this modelling. 

Experimental results in Chapter 6 for GaAs/AlGaAs laser diodes confirm model predictions 
for very short pulse conditions, i.e. fundamental mode operation up to 1 W output power level (one 
facet, AR/HR coated), when heating is much reduced. For 10 - 30 µs long pulses, the amount of 
heating becomes significant and limits the fundamental mode operation of devices with high values 
of the threshold current density, at levels of about 200 mW (one facet, uncoated). 

As mentioned in section 1.2.2 and argumented later in this chapter, we try to increase the 
output power in the fundamental lateral mode using a larger stripe width w, about 12 µm and a 
corresponding lower lateral built-in index-guiding /'>,.nel!"" 6 x IO""·. This is to be compared with 
conventional values of 3 - 5 µrn for the stripe width wand corresponding index-guiding in the range 
of3 x 10·3 - 1x10·2• 

In addition to thermal limitations which might be reduced for low threshold efficient devices 
to values of M,lf< 10·1 for an operation current density of2000 A/cm2, as will be shown in Chapter 
6, the influence given by the stress-induced photoelastic waveguide for a certain shape of the ridge 
profile and for a certain thickness of the anodic oxide used to restrict current injection to the stripe 
area, is going to be studied here in more detail. Theoretica] aspects related to modelling wil! be 
presented in section 2.3.6 and related experimental behaviour in section 6.3.3. 

2.2. Optica! modelling in the transversal direction 

This section is concemed with the modelling results of the optica! field in the direction 
perpendicular to the growth plane, which is usually called the transversal direction. The differences 
of the refractive index between layers with different Al rnole fraction are designed for proper 
waveguiding of the fundamental mode. These differences are relatively large and contributions due 
to injected carriers or ternperature gradients may be neglected. The size of the optica! field is around 
1 µm and this causes a large far-field divergence, of around 30° (FWHM) in the transversal 
direction. Recently, this value was lowered down to 13 - 18°, using a design that keeps the 
maximum of the optica! field in the active region, but decreases the steepness of the exponential 
decay in the confinement layers [2 - 4]. The low confinement asymmetrie design can deal with the 
required exponential decay in a more natura! manner than the symmetrie approach, which is very 
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2.2. Optica! modelling in the transversal direction 

sensitive with respect to the Al content in the grown layers. lt was not investigated in more detail in 
the present thesis since the first priority was related with the investigation of the origin of an 
unexpectedly large threshold current density. 

The modelling aims at computing the confinement factor in the active region, the passive 
losses due to absorption in substrate, p contact and metal layers and the divergence perpendicular to 
the growth plane. 

2.2.1. Transfer matrix model 

The computer model used in this work is the one presented in [7]. It involves a simple 
mathematica! description of the optica! field, using the imaginary part of the refractive index to 
represent the Jasses in different layers. In each layer the optica! field as a function of the transversal 
coordinate x is given by: 

E A j/J,-(x- d1 ) B - j/J,-(x-d1) 
;= ;·e' + ;·e ' (2.1) 

where E, is the electric field amplitude, A, and B, are constant coefficients in a given layer i, d1 is the 
thickness of the i'th layer and /l; is the complex propagation constant in the same layer. 

/!; • \a J(n;-n,'). n; ·•á[ j (2.2) 

where Ä.0 is the wavelength in the free space, n" and a; are the real part of the refractive index and 
the absorption coefficient in layer i respectively and n,1 is the effective refractive index of the guided 
mode. The coefficients of the electric field in the last layer, which is layer nare given by : 

[A·)=M ·M ... .Af ·M ·[A' J=M ·[A1J B. n n-1 2 1 B, lól B, (2.3) 

where M, are 2x2 complex matrices determined by the interface boundary conditions. The values of 
the effective refractive index for guided modes are given by the condition: M,0 111 = 0. After the p++ 
GaAs contact layer, an infinite metal layer is ending the structure. In practice, this is only 0.2 µm 
thick but this does not noticeably change the results, since the field amplitude is strongly damped in 
this last layer. Metal layers are generally characterised by a low value of the real part of the 
refractive index and a high value of the absorption. The Au refractive index and absorption 
coefficient at the specific wavelength were assumed in this case. Typical values are n""' = 0.15 and 
n,m = -5.67. This is to be compared with the real part of the refractive index at the lasing wavelength 
for GaAs which is typically 3.6 and the imaginary part corresponding toa 10000 cm·1 absorption 
coefficient which is n;m = -0.07. 

2. 2. 2. Modelling results. Resonances due to the presence of the contact layer. 

This paragraph is related to modelling losses in the substrate, contact and metal layers, as in 
[7] for two asymmetrie structures, with a waveguide thickness of 1 µm and the 30 nm active region 
placed nearby the p-side of the structure. However, the resonances in the contact layer are a genera) 
phenomenon for all kinds of structures and are due to the extension of the optica! field in the high 
refractive index and lossy contact layer. Fig. 2.1 presents the profile of the refractive index for the 
first investigated structure. Having a GaAs active layer the emission wavelength is about 880 nm 
and at this wavelength the absorption in the p doped contact layer is expected to be about 100 cm·1 

[20]. Since this is mainly band-edge absorption, it varies significantly if the wavelength slightly 
decreases, as is the case if we want to shift the emission wavelength towards lower values. This is 
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Chapter 2: Modelling of the optica/ waveguide 

accomplished by changing slightly the Al content in the active region, while the GaAs contact layer 
and substrate remain the same for technologica! purposes. First, n++ GaAs substrates are 
commercially available and widely used and second, ohmic contact quality rapidly degrades when 
increasing the Al content. That is why, in order to study the influence of the absorption coefficient 
in the contact layer, a second structure is studied. The Al content in all layers, except the contact 
layer, is shifted upwards with 0.07 so that now, taking the lasing wavelength 832 nm the 
corresponding absorption coefficient becomes 10000 cm·1• 
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Fig. 2.1: Asymmetrie structure used for computation 

Fig. 2.2 and 2.3 present the effective refractive index and the effective absorption of the 
fundamental transversal mode as a function of p contact layer thickness. 

As we can notice, these figures show clear resonances. This can be explained as follows: for 
small values of the contact layer thickness, i.e. typically less than 0.15 µm, there is only one mode 
supported and that is the lasing one. This corresponds to A in Fig. 2.2 b ). The thickness of the 
contact layer is 0.20 µm. The field profile is given in Fig. 2.4. 
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Fig. 2.2: a) Calculated effective refractive index and b) modal absorption as a function of 

contact layer thickness for a low absorption p contact layer at À.= 885 nm 

0.9 

When the thickness of the contact layer increases, a larger part of the field is contained in the 
contact layer and the maximum of the optica! field distribution is moving there (B). This is 
accompanied by the onset of the next order mode which becomes the lasing mode due to better 
overlap of the optica! field distribution with the active region, that actually provides the gain 
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2. 2. Optica! modelling in the transvers al direct ion 

required to compensate for mirror and intemal losses. This corresponds to C and D in Fig. 2.2 and 
Fig. 2.4 ( corresponding values of the contact layer thickness are 0.2125 and 0.22 µm) . 

Also, the lasing mode has significantly lower modal absorption a. If the main part of the 
optica! field distribution is found in the contact layer, its modal absorption is mainly given by the 
absorption in the GaAs and its value is about 100 cm·', while as seen from Fig. 2.2 b), modal 
absorption of the lasing mode is less than 0.01 cm·'. This is why we see the curves in Fig. 2.2 b) and 
Fig. 2.3 b) flattening when the maximum of the optica! field distribution is contained in the contact 
layer. 

If we examine Fig. 2.2 a) we see that the effective refractive index of the lasing mode is 
almost constant, i.e. 3.35 in the given exarnple, and its variations are less than 10·3, even close to 
resonances. This corresponds to the value of n1"u.g in (2.4). It is situated between the refractive index 
of the n-confinement layer with Al content x = 0.40, which is n, = 3.335 and the value of 3.362 
corresponding to the Al content x = 0.35 of the waveguide layer, since the main part of the optica] 
field distribution is found in the latter. Thus, since the value of the refractive index of 3.63, 
corresponding to the GaAs contact layer is significantly larger, we found that with a good 
approximation, the thickness of the contact layer corresponding to resonance is an integer number N 
of quarters of the effective "wavelength": 

f3contacl , d = 2~ 1( J(ncontaCI 2 
- n/asing z)' d = f 
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Fig. 2.3: a) Calculated effective refractivè index and b) modal absorption as a function of 
contact layer thickness for high absorptive p contact layer at À = 832 nm 

There is a certain thickness of the contact layer for which the lasing mode is no more 
confined in the waveguide layer, a significant part of the field being contained in the contact layer. 
This mode has a distorted far field and a modal absorption more than two orders of magnitude 
larger than in cases out of resonance. The corresponding values of the contact layer thickness are in 
the range usually found in practical devices and are to be avoided if we want minimum passive 
absorption coefficient in the structure. The value of the absorption coefficient corresponding to 
infinite contact layer thickness is drawn as a horizontal line in Fig. 2.2 and Fig. 2.3. It is interesting 
to notice that the modal absorption oscillates around it. The extra absorption is due to the metal 
Jayer that ends the structure. The absorption in the metal layer is going to be commented on further 
in this paragraph. The amplitude of the oscillations depends on the value of the absorption 
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coefficient a in the contact layer. They are much more damped if this value is high, as we can see if 
we compare Fig. 2.2 and Fig. 2.3. 

We can further investigate the influence of the thickness of the p confinement layer on 
modal absorption, ifwe keep the thickness of the contact layer constant at a value below resonance. 
Fig. 2.5 shows the corresponding graph. The modal absorption a as a function of p confinement 
thickness has an exponential decrease for thickness values larger than 0.25 µm. This parameter 
actually determines the amplitude of the optica) field distribution which is found in the contact 
lay er. 

0.35 0.85 1.35 1.85 2.35 

transversal coordlnate (µm) 

Fig. 2.4: Calculated field amplitude close to the first resonance 

The exponential dependence is approx. given by (2.5), where Cis a constant that depends on 
the specific profile of the lasing mode. 

a = C · e -i.;i,~,, ·d,~, 
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Fig. 2.5 : Calculated modal absorption as a function ofp-confinement 
layer thickness for different values of its Al content 

(2.5) 

When the thickness of the confinement layer decreases below a certain limit, the significant 
part of the optica! field which is found in the contact layer leads to high modal absorption and far 
field distortions, as experimentally demonstrated in [8]. 
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2.2. Optica! modelling in the transversal direction 

For the case of 980 nm laser diodes, the absorption coefficient is much decreased, for 
undoped samples being negligible. Nevertheless, in highly doped regions, as for example p++ contact 
layer and n++ substrate, we may take into consideration free carrier absorption which is 
approximately twice as much as in the case of 860 nm lasing wavelength [9]. In this case, the metal 
layer has an increased role in absorption. For comparison, modal absorption in a similar structure as 
studied before for 880 nm wavelength, but with absorption coefficients for 980 nm wavelength, is 
presented in Fig. 2.6. The shape of the curve is similar with the one in Fig. 2.2, but the resonances 
are sharper. 
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Fig. 2.6: Calculated modal absorption fora similar structure at 980 nm laser wavelength 

2.2.3. Absorption coefjicient in the metal layer 

A widely used relationship between total modal loss and intrinsic absorption coefficients in 
each layer is : 

(2.6) 

where a; is the absorption coefficient for a certain layer i and r, is the confinement factor in the 
same layer. This relationship holds as long as the structure does not contain any metal layer. Metal 
layers are characterised by very low values of the real part of the refractive index, i.e. approx. 0.15, 
and very high values of the imaginary part i.e. 5.67 [21). This last value should be compared with 
the value of the imaginary part corresponding to 10000 cm·1 absorption coefficient, which is 0.071. 

If we now perform a detailed analysis of the Poynting vector that describes the energy 
transport in the heterostructure we obtain the following more exact relationship: 

n . a = "\' n . a . . r 
ef reJJI lól ~ i reaJ 1 / 

(2.7) 

where n efreat and n 1 " . 1 are the real parts of th.e corresponding refractive indices. Tak:ing into account 
that the real part of the refractive index of a metal layer is an order of magnitude lower than in 
semiconductor layers, the contribution of the absorption due to the metal layer is correspondingly 
decreased. 

2.2. 4. Possible applications /or DFB configurations and diode laser arrays 

The contact layer absorption resonances described above need not always have a detrimental 
effect. In some laser configurations it could be put to practical use, e.g. in DFB lasers. 

Single mode DFB lasers are realised by introducing a grating, usually in the upper or lower 
confinement layer, in order to make a periodic variation of either the effective index (index coup led) 
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Chapter 2: Modelling of the optica/ waveguide 

or the absorption (gain coupled devices). This implies in most cases a second regrowth step. It was 
shown only recently [6,7], that it is possible to use a single growth step and a metal pattem in order 
to vary periodically the absorption coefficient. In this section another approach is suggested, i.e. 
varying the contact layer thickness, which also has the advantage that does not imply a second 
growth process. The contact layer may be pattemed just before metal deposition, for example. As 
shown above in Fig. 2.2, Fig. 2.3, losses may be modulated as a function of contact layer thickness, 
white the effective refractive index has negligible variations. 

But also variations in the effective refractive index can be achieved if the thickness of the p 
confinement layer is lower. As a result, the variations of the refractive index for different values of 
the contact layer thickness, before the first resonance occurs, become larger and can be as high as 6 
x 10·3, still keeping the absorption coefficient below 10 cm·'. This can be seen in Fig. 2.7, which 
presents the effective refractive index for the guided modes and the corresponding modal 
absorption, for a 980 nm structure with the p confinement thickness of 0.30 µm and Al mole 
fraction x = 0.60. It is important to notice that in this graph, the scale of absorption coefficient is no 
longer logarithmic, but linear. Resonances are far less sharp than in the case presented above. 
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Fig. 2.7: a) Effective refractive index and b) modal absorption for configurations 
having larger variations of the effective refractive index 

Using appropriate configurations of confinement layers and contact layer, these values can 
be designed to meet the requirements for particular DFB index coupled laser structures. Also 
possible DFB configurations naturally arising from this approach, are the ones where both the 
absorption coefficient (gain) and the effective refractive index are varied simultaneously. 

Laser diode arrays may also be fabricated in this manner. In the case of antiguided arrays, 
for good discrimination between modes, absorption is added in regions with high refractive index. 
As shown in Fig. 2.2 and Fig. 2.3 this is also the case for configurations with different contact layer 
thickness. 

2.3. Modelling in the lateral direction 

2. 3.1. Introduction 

lt is a wel! known fact that, in contrast with the case of the transversal direction, the laser 
diode beam in the lateral direction is extremely unstable if the stripe width is larger than 3 - 5 µm. 
The dimension of the lasing volume is an order of magnitude larger than in the transversal direction 
and thus requires an optica! waveguiding one order of magnitude weaker in order to support the 
fundamental mode only. In this case, influences from carrier injection and thermal effects are larger 
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2.3. Optica! modelling in the lateral direction 

than the strength of the initially passive waveguide and the far field of the laser diode becomes 
largely unstable, leading to poor coupling to optica! fibres or to instabilities of the focus spot when 
using lenses, and to kinks in the light-current characteristics [8, 16, 17]. 

A step-like waveguide having a difference !in,1 between the effective refractive index and 
stripe width w supports the fundamental lateral mode and cuts off the first order mode if: 

A < ;f o 
LJnef ----, 

B·n · w 
(2.8) 

where ..10 is the free space wavelength and n is the mean value of the effective refractive index. 
Using this very simple approximation, we find that in order to have a waveguide width of 5 

µm supporting only the fundamental mode, the maximum difference of the effective refractive 
index must be smaller than 10·3 . Often the first order lateral mode is also supported by the 
waveguide, hut it is discriminated by its lower gain in comparison with the fundamental mode. In 
practice, the lateral mode behaviour is much more complicated through the influence of the 
temperature profile, carrier induced antiguiding and stress induced effects. This means that, due to 
the carrier influence on the effective refractive index and to temperature and stress induced 
variations, both having the same order of magnitude as the built-in effective refractive index, the 
lateral waveguiding becomes dependent on the injectîon level and on the output power. 

To model such a behaviour, one needs to solve a system of coupled equations which should 
describe the lateral distributions of the optica! field, the carrier concentration and the temperature. 
The mathematica! task is so difficult, that it is of little use for practical purposes. One of the 
difficulties is that the three equations are very strongly coupled above threshold and the 
convergence of the algorithm becomes poor, leading to very long computation times. That is why, 
in most models the temperature influence is eîther ignored or empirically superimposed as a 
parabolic profile of effective refractive index variation, depending on the injection level. In this 
work, a quasi two-dimensional model which solves a system of two coupled equations, one for the 
carrier distribution and the other one for the optica! field using the lateral variation of the effective 
refractive index, is used. Stress influence is consîdered separately at the end ofthis chapter. 

2.3.2. The system of coupled equations 

Assuming y to be the lateral direction, the following set of equations is solved: 

d 1 N J(y) N 2 1 c 
D· - -2 =---+ - + B·N +C.N +--I'·g(y)-S(y) 

dy q·d0 t., n 
(2.9) 

d 2 E(y) (2·JrJ2 
( 2 i) - 2-+ - · n,1 (y) -n,ff ·E(y)=O 

dy Ä0 

(2.10) 

where D is the ambipolar diffusion coefficient, J is the injected current density, N the carrier 
density, g the material gain, r the transversal confinement factor, S(y) the photon density, E(y) the 
TE component of the optica! field, q the electron charge, c the speed of light, n the refractive index, 
d0 the thickness of the active region, t" the time constant of the nonradiative recombination, Band C 
the coefficients for bimolecular and Auger recombination respectively, and ..10 the free space 
wavelength. The last term in (2.9) strongly couples the two equations above threshold, while below 
threshold they are uncoupled. In (2.10) n.jy) is the effective index variation across the stripe width, 
due to the technologica! built in step, carrier antiguiding and lateral temperature variations while n,f! 
is the effective refractive index of the entire lateral waveguide. The contribution due to antiguiding 
is described by: 

..dnef og = 
b· r. L1g(y) 

2·k. 
(2.11) 
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where b is the antiguiding factor and k0 the free space propagation constant. The iterative algorithm 
solves the first equation, then the second and in the next step the cycle is repeated using the updated 
values until convergence is obtained. ·In (2.9) and (2.10) only the fundamental lateral mode 
dependence E(y) is taken into consideration, the contribution of the first order mode being not 
important if its modal gain is below that of the fundamental mode. When the first order mode gain 
equals the gain of the fundamental mode, the first order mode also starts lasing, the far field changes 
and this change is accompanied by a "first order'' type of kink in the light-current characteristic. 

The temperature induced profile is modelled for an ideal structure which operates at 2000 
A/cm2 and its amount is estimated from experimental measurements made on semiconductor 
amplifiers as in [18]. 

2.3.3. The ratio first order mode/ fundamental mode intensify 

In the above approximation, the first order mode is considered to lase only when its modal 
gain exceeds the threshold gain. However, the first order mode may be present even before this 
happens. In order to examine the error that is introduced by this approximation, a simple one
dimensional model is used to evaluate the amount of the first order mode intensity as a function of 
the modal gain difference between the two modes. This simply consists of the well-known rate 
equations: 

__!__ = N -~·(G ·S +G ·S) 
q. da t, n f f 1 1 

(2.12) 

~-(G -a. _L1n(_l_)J·S + n _Nm =0 
n 1 '"' L R ! 1-' 1 t,P 

(2.13) 

~-(G -a _2-.1n(2-)J·S + n. Nm = O 
n ''"'L R il-'1t 

'P 

(2.14) 

where t, is the spontaneous recombination lifetime due to nonradiative, bimolecular and Auger 
recombination processes, sf si are the amplitudes of the intensity distribution of the fundamental 
and first order modes, G1 G1 the corresponding modal gain values (evaluated with the model 
described in section 2.3.2, N" the average carrier density and f3t J3i the "Petermann beta factors'', 
which describe the fractions of the spontaneous emission coupled into the lasing modes. The 
Petermann beta factor is directly proportional to the astigmatism factor K, given by [10,11]: 

(flE(y)l2. dy J K=_;_ ___ _ 

IJE2(y)·dyl2 
(2.15) 

where À is the lasing wavelength, n is the value of the real part of the refractive index, V is the 
effective lasing volume V = L(d/ f)w with w the stripe width, L the device length, d the thickness of 
the active region, r the corresponding confinement factor and LU the half-width of the Lorentzian 
line shape. This factor is particularly important when the mode is gain guided, i.e. if there is an 
important imaginary component of the electric field E(y). For index-guided waveguides it is equal 
to 1 while for gain-guided devices, specially in the case of the first order mode, may be as large as 
10. Usual values for the spontaneous emission factor are J3 = 104 for index-guided waveguides. 

Fig. 2.8 presents the ratio of the first order mode amplitude to the fundamental mode 
amplitude as a function of the modal gain of the first order mode, when the last one is not yet lasing. 
The example is computed for a L = 3 mm long device with low absorption coefficient a,n, = 1 cm·'. 
As we can easily see, the fraction of the first order mode is well below 1 % if the first order mode 
gain is only a few percent lower than the fundamental mode gain, which is tolerable for typical 

IS 



2.3. Optica/ modelling in the lateral direction 

applications of high power laser diodes. So, we can conclude that usually the error made by 
neglecting the contribution of the first order mode in the coupling term of (2.12) is very small. 
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Fig. 2.8: Ratio of the amplitude of the first order mode to the amplitude of the 
fundamental mode as a function of the modal ga in for the first order mode 

2.3.4. Calculated results 

Fig. 2.9 presents fora built-in effective refractive index step of 4 x 1 O"' (a), the modifications 
due to carrier induced antiguiding (b, c) and carrier concentration profiles (d, e) at threshold and for 
2000 Ncm2 injection above threshold. 

The gain of the first order mode in the last case is only 1.6 cm·', well below the value of 6 
cm·' which is the modal gain at threshold for the fundamental mode. A device length of 2 mm and 
an absorption coefficient of 1 cm·' are assumed. Since the width of the lasing region in the lateral 
direction is 12 µm, significantly larger than the transversal spot size that is less than l µm, we need 
less index-guiding in order to allow fundamental mode operation. The built-in index guiding is 
supplied by etching material outside the stripe region for ridge lasers. On the other hand, in this case 
the built-in index guiding is strongly perturbed by carrier induced antiguiding and there starts a 
positive feed-back process that leads to filamentation above threshold. 

At threshold, we have a maximum carrier and optica! field distribution in the middle of the 
stripe region (Fig. 2.9 d). As shown in section 2.3. 1, above threshold carrier density and optica! 
field profiles are strongly coupled through the stimulated emission term. This means that regions 
with higher values of the optica! field are depleted, i.e. the carrier density in the middle of the stripe 
decreases (Fig. 2.9 e). As a consequence, the gain of the first order mode increases. When it reaches 
the threshold value it starts lasing also, leading to instabilities of the near and far-field distributions. 

Fig. 2.10 shows the dependence of the gain of the first order mode (a) and threshold current 
density (b) as a function of the built-in effective index step. As one can see, it is safer to use smaller 
stripe widths and built-in effective index steps, provided that they are still possible to control from 
the technologica! point of view and stress induced effects are much smaller. This is in agreement 
with results presented in [12 · 14]. As shown in Fig. 2.10 b), the price paid for the better 
discrimination between the two modes is the increase of the threshold current density due to lateral 
carrier spreading as a consequence of diffusion, specially in the case of the 8 µm wide stripe. 
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Stripe width w = 12 µm, Modal gain G = 6 cm·' , r = 0.007, Lqw = 8 nm. 

Fig. 2.11 a), b) presents the dependence of the gain of the first order mode on injection 
current for the case of a 12 µm (a) and 8 µm wide stripes (b). It is obvious that it is better to use 
smaller values of the refractive effective index step. The limitation is set by the accuracy of ridge 
depth control and by temperature and stress induced effects. For example, in the case ofridge lasers, 
the difference between ón.ff= 6 x 104 and óneff= 4 x 104 translates in differences of the ridge height 
of only 60 run. The commonly used approach for single lateral mode devices is to use 2 - 4 µm 
wide stripes and a large built-in index step, i.e. ónef! > 5 x 10·3 . For our low confinement devices, 
where antiguiding is smaller, a larger stripe width (8 - 12 µm) and a smaller built-in index step, i.e. 
ón•ff "" 10-3 is a better choice ifthermal and stress induced effects are minimised. 

17 



2.3. Optica! modelling in the lateral direction 

E 
~ 
c 

" "' 
" " 0 
E 

6.00 

0.00 

·6.00 

3 

·12 

.".····· 
,.·· 

.. · .""" 
"""" 

."" .. "·· 
440 

~ 380 
-!!. 
~ 

··.. w ~ B µm 

'················" ... t... .... " .... "."."." ... ""." 
/~ 

.......... w = 8 µm 

, J> .... " 

• 320 ..., 

260 

,, 
"""" 

·7····································· 
w • 12 pm 

0.0007 0.0009 0.0012 0.0007 0.0009 

Built-in index guiding ti.n,11 
Buil-in index guiding tin011 

a) b) 
Fig. 2.10: Dependence of the modal gain of the first order mode a) and threshold 

current density b) as a function of the initia! built-in effective index step. 

... · · • · · ...:..:._ lln..,• 6x 1~ 
---- - -

_ . . ---~-· 
· · ·. lm.., • 1.2 x 10" 

~ 0 

~ -3 
-~ 
C> 

G ..... • scm·• 
;;; ·6 

G = 6 cm·• 
lund " 0 

::E .g 

·12 

0.0012 

·15 ~~~~~~~~~~~~~~~ 
500 900 1300 1700 2100 2500 ·15 

500 900 1300 1700 2100 
11.J(Ncm') llJ (Ncm') 

aj ~ 
Fig. 2.11: The dependence of the modal gain of the first order mode as a function of 

injection current above threshold fora) 12 µm wide stripe b) 8 µm wide stripe. 

2.3.5. Hybrid mode kinks in weakly index guided laser diodes 

2500 

Recently [10], it was demonstrated that the main mechanism involved in kinks for weakly 
index guided laser diodes is the pbase locked simultaneous oscillation of the fundamental mode and 
first order mode. This mechanism implies a strong dependence of the kink power on device length. 
For this to occur, the first order mode does not have to reach threshold, so that it usually happens for 
lower power levels than described above. As shown in [JO], if the two modes are locked in phase, 
the ratio of the first order and fundamental mode M01 is given by: 

IM01l2 = lr;' 12 · I~[\ o = 1- e[(G, - G, }L) (2.16) 

where r is the amplitude reflectivity (r 1 = R), the coupling coefficient between fundamental and 
first order modes is simulated by an amplitude reflection coefficient r 01, G0 and G, are the gain 
values for the fundamental and first order mode, respectively. L is the device length. The coupling 
may appear from nonuniformities in the laser device, and hence injection asymmetries or from non 
perfect alignment of the mirror [10] . Assurning R = 30 % for uncoated mirrors, a device Jength of2 
mm, a threshold modal gain G0 = 6 cm·' we deduce that fora value of G, of 5 cm·', i.e. l cm·' lower 
than G0 , the ratio M01 is as high as 66% ifthe total coupling coefficient (power) r0/ is 1 % and 6.6% 
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if the latter is 0.1 %. A 6.6 % first order mode contribution is already enough to perturb the far field 
and to cause a kink. 

To estimate the amount of coupling induced by mirror rnisalîgnment, we computed the 
power coupling coefficient as in [15) as a function of the tilt angle. Fig. 2.12 presents the results. 
Examining Fig. 2.12, we notice that coupling coefficient values of the order of 1 % are difficult to 
avoid if we take into account a technologically limited misalignment of about 1°. It seems that, at 
least for certain device lengths when the in-phase propagation of both modes is favoured, this kink 
mechanism cannot be avoided. In our devices (see Chapter 6), both types of kinks were noticed. In 
genera!, the hybrid type of kink appears first and very soon tums into the first mode type of kink 
after the two modes decouple. 
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Fig. 2.12: Coupling coefficient as a function of mirror tilt angle a) linear scale and b) logarithmic scale 

2.3. 6. Jnjluence of the stress induced photoelastic waveguide 

2. 3. 6.1. Jntroduction 

In order to provide the required index-step for optica! waveguiding in the Iateral direction, a 
certain amount of material is etched away outside the stripe region for a ridge-waveguide type of 
device. Typically, the etch depth is about 1 µm and its shape depends strongly on the chemica! 
composition of the wet etching solution that is used. For example, if we use a 100/1 citric acid 
solution / HP2 the corresponding profile is given in Fig. 2.13. Before photoresist removal, an 
anodic oxidation is performed in order to restrict current injection to the stripe area. 

Fig. 2.13: Ridge shape after wet etch in 100/1 citric acid solution /H20 2 
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2.3. Optica! modelling in the lateral direction 

As a result of the high compressive stress in the oxide layer a strain field in the 
semiconductor region beneath the stripe is built-up and due to large photoelastic coefficients in III
V semiconductors, changes of the refractive index that can affect the lateral waveguide result, 
specially for weakly-index guided devices [22]. Since we are interested in this case, we perform 
next theoretica! modelling to evaluate the magnitude ofthis effect. 

2.3.6.2. Computation of stresses beneath the oxide film and of related changes in the 
refractive index 

Computation of elastic stresses and strains is more complicated for the GaAs/oxide system 
than for Si/Si02 system since it has an anisotropic elastic compliance tensor. Although the 
computational approach that we use here can also be used for the anisotropic case, in the following 
an isotropic average value for Young's modulus E, and Poisson's ratio v will be used, as in [22). 

For simple planar gain-guided oxide-defined stripe lasers, as those used early in the history 
of semiconductor laser diodes, the simple case of a half-plane with two concentrated forces acting at 
the stripe edges can be considered. This is illustrated in Fig. 2.14 a). Next, ridge waveguides with a 
certain profile above the x axis are analysed, in order to simulate the case of ridge waveguide index
guided devices as in Fig. 2.13. To allow for analytic computations, a simplified shape of the ridge is 
considered as in Fig. 2.14 b) (not at scale). For mathematica! purposes, the function that describes 
the ridge shape and its derivative should be continuous. 
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Fig. 2.14: a) half-plane approximation b) ridge shape approximation 

The solution of the problem for the half-plane and concentrated forces is well k.nown from 
literature. In particular, complex methods are very powerful allowing to obtain relatively easy an 
analytica! solution. Using the methods from [23, 19) for a concentrated force and extending to the 
case presented in Fig. 2.14 a) one can obtain the stress and strain for the half-plane quite 
straightforward. We are looking for the plane stress problem, i.e. we assume that the z component of 
the displacement is zero and that the x and y components depend only on x and y and not on z. We 
also assume that the boundary value of the stress tensor are given. The symmetrie stress tensor for 
the plane problem has only three distinct terms: CT.u, CT,,,, and CT". 

We consider next that the semiconductor material occupies the lower half-plane, as in Fig. 
2.14 a). The components of the strain tensor are denoted by e= eYY, ezy and e". It is easier to find 
first two aiding functions, <P(z) and 'F(z) and to derive afterwards the components of the stress and 
strain tensor from (2.17) and (2.18): 

CT .u (x,y) +CT YY (x,y) = 4 ·Re( <P(z)) 

CT yy(x, y)-CT YY (x,y) + 2 · i · CT,y(x,y) = 2 · (:z · <P'(z) + 'f'(z)) 
(2.17) 
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Chapter 2: Modelling of the optica! waveguide 

where z = x + i · y .The strain components can be easily found if the stress components are known, 

as in (2.18), where À and µ are elastic constants related to the modulus of elasticity E, and to the 
Poisson's ratio v by (2.19): 

eu (x,y) = -1 · [a-"(x,y)- (À ) (o-u (x,y) + O' w (x,y))] 
2µ 2 · À+µ 

ew(x,y)=-1 ·[o-w(x,y)- ( À )(o-"' (x,y)+o-w(x, y))] (2.18) 
2µ 2· À+µ 

1 
exy(x,y) =-· o-xy(x,y) 

2µ 

À, E =µ·(3,1,+2µ) 
e À+µ ' 

V=--,------,-
2·(À+µ) 

The stress component o;, is then given by: o-zz (x,y) =À. · (eu (x,y) + ew (x, y )) . 

(2.19) 

On the boundary, the nonna] component of the stress o-w is denoted by N(t) and the 
tangential component O'u is denoted by T{t) where t is varying along the x axis. After simple 
calculations following (23), the auxiliary functions <P(z) and 'P(z) corresponding to the half-plane 
are given by: 

i -fN-iT w 1 <P(z)=--· ---dt =o- . · d . ·-·---
2lli -~ t - z oxute oxide 2tr w2 2 

1 +~N +iT , 
lf'(z) = --.- f-- <it - <P(z)- z · 4> (z) 

2m _ t-z 

--z 
4 (2.20) 

where o-oxide is the stress in the oxide, doxide is the oxide thickness and w is the stripe width. Thus, the 
computations of the stress and strain components are reduced to simple algebraic operations if 
functions <t{z) and 'P(z) are known. We notice that the stress and strain in theory tend to infinity at 
the points where the concentrated forces are applied. For symmetrie gain-guided oxide-defined 
devices, the active region is found at about 1.5 µm below the x axis if no lateral etch is made. 

We move then to the case presented in Fig. 2.14 b), i.e. we consider now a certain ridge 
shape above the x axis. To solve analytically the problem using complex representation, we must 
first find a function z = a,( Qwhich is a con forma! transformation of the points z = x + iy in the (x.y) 
space to points Ç = q + i 1J in the half-plane ( Ç 17). Such a function is for example: 

z=ál(Ç)=Ç- ·In ~2-
h [ç_:-!__i·p: 

2 · arctg( 2:) Ç + ~ - i · P 

(2.21) 

where h is the etch depth, w the stripe width and p a constant which is related with the slope of the 
etch profile. It can be approximated by a sum of a few terms involving rational functions for usual 
pro files. The curve corresponding to 1J = 0 in the Ç plane is represented in Fig. 2.16 and represents 
the ridge shape. We note that the transformation ál and its derivative do not have po les in the lower 
half-plane. Then, we solve the problem in the Ç plane using a similar analytic approach as before 
and we translate the resulting formulae from the Ç plane to the z plane. We obtain: 
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</J(Ç) · a/(Ç) = --1-. · f N - iT · o/(t)- dt + P(Ç) 
2m _" t-Ç 

':P(Ç) · al(Ç) = __ l . _+7( N + iTJ · a/(t) · dt - </J(Ç) · o/(()- </J'(Ç) · áJ(() + R(Ç) 
2m -~l t-Ç 

(2.22) 

where the functions P( Ç) and R( Ç) are introduced to account for the po les of the functions áJ(Ç), 

áJ'(Ç), áJ(() and áJ'((), respectively. 

The stress components in the z plane are given by: 

O" ,_, + O" YY = 4 · Re( <P(Ç)) 

O' -0' +2·i·O' =-2-·({J)(Ç)·</J'(Ç)+áJ'(Ç)·':P(Ç)J 
yy yy xy @'(Ç) 

(2.23) 

The dielectric constant (and hence the refractive index) of a crystal is dependent on the stress 
(or strain) in the crystal. This effect is called the photoelastic effect; it is similar to the electro-optic 
effect which is the effect of an applied electric field on the dielectric constant of a crystal. In the 
following the same constants as in [22] are used to compute the changes of the refractive index for 
the TE wave from the strain distribution. That is the change of the dielectric constant Llc" is given 
by: 

Llc =-c2 ·{e ·[(p"+p,i}+p ]+e ·p} 
.IX .a 2 44 zz 12 

(2.24) 

where the photoelastic coefficients p 11 = - 0.165, p 11 = - 0.140 and p 44 = - 0.072. These values were 
determined by diffraction from microwave acoustic waves in GaAs at an optica! wavelength of 1.15 
µm. It seems likely that they are not accurate at the lasing wavelength, which is wel! into the 
absorption edge of the active layer. Since the author of this thesis was also not able to find more 
appropriate values reported in the literature, the values in [22] are used to give at least a qualitative 
picture of the phenomena. The computational results for the case of the half plane are given in Fig. 
2.15 a), which presents the change of the refractive index for a stripe width of 8 µm, at different 
depths in the semiconductor material. The value of the stress in the oxide layer was determined 
experimentally, as shown in Chapter 6. Its thickness was assumed in this case to be 0.2 µm . First 
we notice that the in.fluence of the oxide induced stress is mainly antiguiding, its value in the middle 
of the stripe being of the order of 5 x 104 and does not depend considerably if the active region is 
placed at a depth of 1.3 µm or 2.3 µm, for example. That is the case for gain-guided oxide-stripe 
devices. If the active region lies only 0.3 µm below the x axis, the picture is considerably changed. 
We see a strong perturbation at the stripe edges, which has the maximum amplitude value of l'in.gof 
about 1.5 x 10·3 and also a waveguiding profile under the stripe. Since for our ridge waveguide 
devices the active region is found 0.3 µm below the etched material outside the stripe region and 
about 1.3 µm be low the unetched surface of the stripe region (see Fig. 2.14 b ), we decided to take 
also into consideration the problem of a shaped ridge separately. As shown experimentally in 
Chapter 6, these perturbations may affect the lateral beam behaviour of weakly-index guided 
devices. 

Fig. 2.15 b) presents the variation of the refractive index given by a stress distribution due to 
two concentrated forces as in Fig. 2.16, fora total stripe width of 8 µm (bottom of the stripe). The 
active region is situated at y = -0.35 µm below the x axis, the etch depth is 1 µm, the slope 
parameter p is 1.5 µm and the w parameter in (2.21) and (2.22) is 5 µm. The oxide thickness is 
again 0.2 µm . Examining Fig. 2.15 b) we see a perturbation which is equivalent to an antiguiding of 
about 8 x 10" under the stripe region accompanied by two positive side profiles with the maximum 
amplitude ofabout 5 x 10·4 • 

22 



Chapter 2: Modelling of the optica/ waveguide 

0.0020 

0.0015 

0.0010 

0.0005 

i 
~ 0 .0000 

-0.0005 

-0.0010 

-0.0015 

-0.0020 
-12 -9 -6 -3 0 3 6 9 12 

x (µm) 

Fig. 2.15: a) Changes of the refractive index at 
different depths in the semiconductor material 

0.0015 

0.0010 •' 
" •' 
'' 

0.0005 

.,0.0000 
c: 
<l 

-0.0005 

-0.0010 

-0.0015 

-0.0020 

'' 
•' 
" 

, half plane 
· ·r 

xide thickness-0.20 µ 

-12 -8 -4 0 4 8 . 12 

x (µm) 

b) Change of the refractive index fora 8 µm 
wide stripe at a depth y = - 0.35 µm 

These can cause serious problems for the fundamental operation of weakly index-guided 
devices such as those analysed previously in this chapter, having the built-in index-guiding of hz,.u 
about 6 x 10 .... The magnitude of the negative variation of the refractive index under the stripe is 
comparable with the value corresponding to half-plane problem when the active region is placed 
0.35 µm below the x axis. However, the waveguiding under the stripe region is much reduced. The 
amplitude of the variations near the stripe edges for the ridge case is about half of that 
corresponding to the half-plane case. 
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We introduced these perturbations of the effective refractive index in the model for the 
lateral behaviour presented in section 2.3.2, taking a very weak built-in value of the index-guiding 
hl,.u = 4 x 10 ... and a superimposed thermal waveguiding corresponding to a relatively large value 
of the threshold current density of 1500 Ncm2• The value of the antiguiding factor used in this 
computation was b = 2. If we look at the far-field behaviour at threshold we obtain the curve 
presented in Fig. 2. 17. This shows a main lobe and two side-lobes if we take in to account the stress
induced effect. These two side lobes are caused by the positive perturbations that occur because of 
the stress induced effects at the stripe edges and are observed experimentally for weakly index 
guided devices, as it will be shown later in Chapter 6. They cannot be attributed to antiguiding since 
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the far-fields corresponding to strong antiguiding are either broader or double lobed but without a 
main centra! lobe, and associated with larger modal losses [24]. 

2.4. Conclusions 

2.4.1. Optica! modelling in the transversal direction 

The model used for describing the optica! field distribution in the transversal direction is 
based on a one dimensional transfer matrix method, which uses complex refractive index values in 
order to account for absorption in each layer. It can predict optica! field distributions, confinement 
factor values, modal absorption due to losses in different layers and transversal far field. It is shown 
here that due to the extension of the optica! field in the p++ contact layer, for certain values of its 
thickness resonances can occur. These are to be avoided for laser operation, since they are 
associated with increased losses and far-field distorsions. On the other hand, this effect can be 
useful in other cases and some suggestions are given for application for DFB laser diodes. 

2.4.2. Lateral modelling of the waveguide 

In the lateral direction, a different approach is used, since the lateral waveguide is strongly 
influenced by the carrier induced antiguiding, temperature and stress induced effects. Basically, a 
system of two coupled equations is solved above threshold: the first equation describes lateral 
carrier distribution and the second the optica! field in the effective index approximation. 
Temperature effects are not included in a self-consistent manner, hut they are superimposed as a 
parabolic profile with a given magnitude fora certain injection level. Inclusion of thermal effects in 
a self-consistent way would make the computing time so large that the method would be of little use 
in practice. In this way, it is predicted that low threshold devices with stripe width of 12 µm could 
operate in the fundamental lateral mode at 2000 - 2500 Ncm2 injection level if stress-induced 
effects can be neglected. Stress induced variations of the effective refractive index by the 
photoelastic effect can become important for weakly index-guided devices, depending on the stress 
in the oxide layer and on the ridge shape. They are evaluated theoretically for a profiled ridge. Due 
to these effects there may be an as large antiguiding as 8 x l 04 below the stripe region and 
significant perturbations at the stripe edges. This model does not take into consideration 'hybrid
mode' kinks associated with the in-phase oscillation of the first and fundamental mode. It is 
confirmed here that if the fundamental and first order mode can oscillate in phase, the kink takes 
place for lower power outputs than those required for a typical 'first-order mode' kink, described 
by the first model. It is shown that the required coupling coefficient between the fundamental and 
first mode is easily obtained with a mirror misalignment of only 1° and is very likely to happen in 
practice. Experimental results, shown in Chapter 6, also show that in most cases, the hybrid type of 
kink occurs first, but the first order type follows soon, so that reasonable predictions can be made 
using the model described above. 
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Chapter 3: Gain and carrier transport 

Chapter 3 
Gain and carrier transport 

3.1. Introduction 

The purpose of this chapter is to analyse theoretically the parameters directly related to 
carrier transport in the transversal layer stack: threshold current density and its temperature 
dependence, differential efficiency. The aim is to design an epitaxial structure with negligible 
recombination in harrier and optica! trap layers at threshold, and with low free carrier absorption 
coefficient due to injected electrons and holes in the lasing regime. 

As will be argumented in this chapter, there is a strong disagreement between experimental 
results and theoretically predicted ones if we use the classica! drift-diffusion model in which the 
QW region is in equilibrium with harrier layers (continuity of the quasi Fermi levels). 
Experimentally measured values of the threshold current are much larger and of differential 
efficiency lower. We propose to explain this mismatch between theory and experiment considering 
the quantum nature of carrier capture (escape) in (from) the QW region and its influence on the 
carrier density in the harrier layer. 

In genera!, the classica! models involved are wel! known in literature and largely used for 
modelling the steady state parameters mentioned ahove. First, we use a one dimensional classica! 
drift-diffusion model to represent the injected minority carriers in the heterostructure and the 
corresponding contributors to the total injected current: radiative recombination current in the QW 
(useful part), Ieakage in the harrier and confinement layers (wasted part, not useful for lasing). The 
model should predict the threshold current density, the injection efficiency at threshold, the amount 
of injected carriers which may cause additional ahsorption and therefore affect the attenuation 
coefficient and the intemal efficiency above threshold for wide stripe devices (50 - 100 µm). 

A gain model that predicts the peak gain as a function of injected carrier density and 
temperature, is used in conjunction with the first model in order to give the threshold carrier 
density. lfwe combine the two models, the characteristic temperature T0 can also be extracted. This 
model is made in two ways: a simple and fast way considering parabolic band approximation in the 
QW and amore elahorate one considering valence band mixing. 

In addition, a simplified approach of the quantum capture effects is taken into consideration 
and fitted into the drift-diffusion model in order to explain phenomena that can not be otherwise 
explained by the classica! models, i.e. the fact that for some of the structures presented here we 
measure extremely large values of the threshold current density and relatively low values of the 
differential efficiency. A brief review of the understanding of the quantum capture effects 
influencing laser diode parameters is given. The proposed model is used to derive steady-state 
parameters of the device, such as threshold current density and intemal efficiency, and the related 
quantum capture effects are proposed to account for the experimentally found unusually large 
values of the first and low values of the Jatter. 

3.2. Classica! drifi-diflusion model 

This type of model, sometimes simplified assuming that charge neutrality is valid in the 
undoped layers, was widely applied for studying the carrier transport in QW laser diode 
heterostructures [ 1-7]. None of these models took into consideration the effects of quantum 
capture/escape on carrier transport. This question started to be approached only recently, as will be 
shown later in this chapter. 
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3.2. Classica! drift-difjitsion model 

Mainly [4], it implies self-consistently solving of three equations: two current continuity 
equations, for holes and electrons respectively, and the Poisson equation for potential distribution: 

"ilJ.-q·R=O (3.1) 

"i!JP+q·R=O (3.2) 

(3.3) 

where q is the elementary charge, n and p are the electron and hole density, respectively, N0 + and 
NA. are the densities of ionised impurities which at room temperature are in a very good 
approximation equal to the doping levels, J. and JP are the electron and hole current densities, R is 
the total recombination rate and 'F is the electrostatic potential. 

J" and JP (taken to be continuous at interfaces) are related to the potential and carrier 
densities by drift and diffusion relations: 

Jn = +q ·Dn · "iln-q· µn ·\lij/ (3.4) 

JP = -q · DP · "ilp + q · µP ·"il f// (3.5) 

where D", DP' µ" and µP are the diffusion coefficients and mobilities of electrons and holes, 
respectively. 

The three variables corresponding to the three equations are: the electrostatic potential vand 
the quasi-Fermi levels for electrons and holes respectively. 

The carrier densities n and pare related to the quasi-Fermi levels <On and (OP by: 

n = Nc -F'112((.) (3.6) 

P = N, · Fi 12(ÇP) (3.7) 

where /' = (Ec - <0J and 
~n k-T 

(-E + ÇJ ) 
ÇP = ' P respectively. T is the temperature of the carrier 

k-T 
distribution, k is the Boltzmann constant and E<> E, are the bottom and the top of the conduction 
band and valence band respectively. 

The Fenni integral F112 is given by : 

2 "'z 112 ·dz 
F. (x)=-· J--112 r (z+x ) 1 vtr 0 e + 

(3 .8) 

and reduces to the Boltzmann distribution F112(x) "" e·• if the injection level is not too high. If the 
active region consists of a quantum well, the energy levels are computed inside the QW and the 
carrier densities in the active region are given by: 

( 
(", -E,+E,1)J 

n = ~) -T · 7• ·In 1 + e- -k.-r- + unconfined carriers 
; tr·n ·Lqw 

(3.9) 

where m. is the effective electron mass, Lqw is the thickness of the quantum well and E"1 are the 
electronic levels in the QW. The hole density is given by adding similar expressions for the heavy
hole and light-hole distributions. 

P = Pheavy + P11gh1 (3.10) 
The main effect ofintroducing the more adequate expressions (3.9) and (3.10) for the carrier 

distribution in the QW, instead of the classica] Fermi distributions for the bulk active regions, is a 
higher position of the corresponding quasi-Fermi levels relative to the band edges for the same 
injected carrier density, which contributes to higher leakage in the harrier neighbouring regions. In 
the case of hole distributions, instead of assuming the parabolic approximation as in [9] a more 
accurate distribution can be used after the band non-parabolicities are separately computed, taking 
into consideration valence band mixing. The results, as far as leakage current is concemed, are not 
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much influenced. Because the computing time is increased, for this type of model mostly the 
parabolic approximation was used. However, valence band mixing plays a crucial role in computing 
the maximum peak gain as a function of injected carrier density, as will be shown later in this 
chapter. 

Retuming naw to the main set of equations (3.1) - (3.3), the total recombination rate R in the 
model consists of four terms: nonradiative Shockley-Read-Hall recombination, radîative and Auger 
recombination, and stimulated recombination above threshold. 

Equations (3.1) - (3.3) are coupled partial differential equations in the x variable, i.e. the 
distance across the transversal direction and are highly nonlinear. A non-uniform grid is first 
established, which takes more closely spaced points near the heterojunction interfaces. 
Discretisation of the partial differential equations is made using the Scharfetter-Gummel 
formulation of the transport equations [8] and assuming continuîty of quasi-Fermi levels at the 
heterojunctions. 

The resulting system of nonlinear algebraic equations is solved using Newton's method 
together with an efficient sparse matrix approach. That means that the system is solved for all M x 3 
variables in the same step, which considerably increases the required computer memory, but highly 
improves the convergence rate, a very serious problem at the high injection carrier density levels 
needed for lasing in laser diode structures. Here M is the total number of grid points. 

In the following sections some computed results will be shown for the case ofmodified low 
confinement structures which use either larger waveguides or optica! trap layers in order to lower 
the amount of optica! field in the active region. One peculiar effect is that, contrary to common 
belief and widely used approximation of local charge neutrality in the active region, i.e. n = p, the 
electron/hole density ratio can differ from unity. A brief analysis of the origin of this behaviour is 
also made. The only reports in the literature referring to this problem that the author is aware of are 
[9) and [10), and in heterostructure laser diodes only [10). So this effect is described in some detail 
for the case of the low confinement structures that are the subject ofthis work. 

3.2.1. Jnjection efficiency 

The injection efficiency 77;. is defined as the proportion of the current injected into the active 
region to the total injected current : 

(3.11) 

where Jpo and Jno refer to the hole, respectively electron current density at the beginning (left side of 
the quantum well) and Jpd and J.d are the corresponding current densities at the edge of the quantum 
wel! as will be shown later in Fig. 3.4. In an ideal structure, with no leakage, this factor is 1. This 
parameter is a measure of the cumulative leakage of electrons into the p-side (left) of the structure 
and of holes into the n-side (right), respectively. 

In this section we compare an usual symmetrie structure with an asymmetrie one. The 
asymmetrie layer design is the same as in the symmetrie case in the p-side (left) and differs on the n 
side by adding an optica! trap layer, with a lower compositîon index and hence a higher refractive 
index than the confinement regions. Tuis acts as an unwanted recombination region and in order to 
maintaîn a low threshold current density, recombination in this region must be minimised. At the 
same time, this layer must keep the optica] properties of attracting the maximum of the optica! field 
for achieving the low confinement factors as described in Chapter 2 and later in this chapter. These 
two requirements are opposite and an adequate compromise is needed. 

Fig. 3.1 gives the corresponding composition index profiles in the two cases studied here. 
Table 1 shows the sequence of layers and the doping levels. 
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Fig. 3.1: Composition index profile for the symmetrie and the asymmetrie structures 

Tahle 1 a) Symmetrie structure 

Type Composition Thickness Doping level 

index xAJ (µm) (cm-3) 

p confinement 0.40 1.30 5 x 1017 

p confinement 0.40 0.5 5 x 1016 

harrier 0.30 0.15 unintentionally doped (p"" Sx 1015 cm-3) 

active (QW) 0.00 0.008 unintentionally doped (p"" 5xl014 cm-3) 

harrier 0.30 0.15 unintentionally doped (p"" 5xl015 cm-3) 

n confinement 0.40 0.5 5 x 1016 

n confinement 0.40 1.30 5 x 1017 

h) Asymmetrie structure 

Type Composition Thickness Doping level 
index xA1 (µm) (cm-3) 

p confinement 0.40 1.30 5 x 1017 

p confinement 0.40 0.5 5 x 1016 

harrier 0.30 0.15 unintentionally doped (p"" SxlO" cm-3) 

active (QW) 0.00 0.008 unintentionally doped (p"" 5xl014 cm-3) 

harrier 0.30 0.15 unintentionally doped (p "" Sx 1015 cm-3) 

intermediary 0.40 0.20 5 x 1016 

optica! trap 0.26 0.24 : 5 x 1016 

n confinement 0.40 0.30 5 x 1016 

n confinement 0.40 1.30 i 5 x 1017 

Fig. 3.2 shows the band diagram of both structures at 0 V bias (at equilibrium) and for 7 x 
1018 cm·3 injected carrier density in the QW, in the two cases. At equilibrium we notice the built-in 
potential drop that occurs mainly in the unintentionally doped harrier and QW regions. In the case 
ofthreshold injection level of 7 x 1018 cm·3 we see the picture characterised by the term "flat band" 
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which means that at high injection levels n "" p and the carrier transport occurs as if it is purely 
diffusion. This is a widely used approximation in sirnplified models. It will be shown in the next 
paragraph that the condition n = p cannot be satisfied simultaneously in harrier layers and active 
region and the consequences ofthis fact wil! be discussed. 
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3.0 3.5 

Fig. 3.3 a), b) presents the injection efficiency and the corresponding threshold current 
density as a function of the threshold carrier density. We notice the considerable decrease of the 
injection efficiency due to high leakage in harrier and confinement layers if higher values of the 
injected carrier density are needed at threshold. The threshold current density can be as high as 1550 
A/cm2 for the symmetrie structure and correspondingly 1880 A/cm2 for the asymmetrie case if 8 x 
1018 cm·3 injected carriers in the QW are necessary. The corresponding values of the injection 
efficiency are 55 and 39 %, respectively. The effect of introducing the optica! trap layer is the 
increase of the threshold current density with approx. 2. 7 % if only 4 x 1018 cm·3 carrier density is 
required at threshold in the QW, and correspondingly with 17.5 % if the threshold carrier density in 
the QW is 8 x 1018 cm·3• The low confinement structures used are designed to have a material gain 
comparable to that needed in conventional laser diodes with 1 mm cavity length, i.e. the required 
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3.2. Classica! drifl-diffusion model 

injected carrier density at threshold should be around 4 x 1018 cm-3• A nomadiative recombination 
time in the optica! trap layer of 3 ns was used in these computations. The conclusion is that the 
presence of the optica! trap layer with the above given composition index and thickness should not 
influence greatly the threshold current density. 
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Fig. 3.3: Injection efficiency at threshold and corresponding threshold current density 
as a function of injected carrier density in the QW 

The main reason of the decrease of the injection efficiency lies in the increase of minority 
carrier leakage towards harrier and confinement layers. To demonstrate this, Fig. 3.4 presents the 
electron and hole components of the total injected current density within the heterostructure. The 
total current density consisting of the summation of electron and current densities is constant. If no 
leakage is present, we have mainly hole current density in the p-side and electrons in the n-side, 
respectively. With leakage, specially in the p-side, a significant part of the total current density is 
due to electrons that are not used in the lasing process. 

In the case of the symmetrie structure we see that at normal injected carrier density in the 
QW (4 x 1018 cm.3), the injection efficiency is quite good and leakage occurs mainly in the harrier 
layers. If the injected carrier density at threshold is much higher, i.e. 8 x 1018 cm·3 for example, 
leakage in the confinement layers plays also an important part. Due to large hole effective mass and 
low mobility, the leakage of electrons (minority carriers) in the p-side of the structure is more 
important than hole leakage in the n confinement layers. Nevertheless, the latter is still visible in 
Fig. 3.4 b). 

If we look now at Fig. 3.4 c) d), i.e. to the similar plots as before but for the case of the 
asymmetrie structure, we also notice that the recombination in the optica! trap layer is higher than 
the leakage towards the harriers for 4 x 1018 cm·1 injection level in the QW and has a considerable 
value for 8 x 1018 cm·1 injected carrier density in the QW. Another unwanted effect associated with 
recombination in the optica! trap is injection into this layer in which we find the maximum of the 
distribution of the optica! field. In this case the free carrier absorption of the mode may be increased 
much above the value given by the initia! doping level. 
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Fig. 3.4: Calculated electron and hole components of the threshold current density for 

(left) 4 x 1018 cm·3 and (right) 8 x 1018 cm·3 injected carrier density in the QW. 
Top: symmetrie structure, bottom: asymmetrie structure 

3.2.2. lnternal efficiency 

The intemal efficiency is one of the most important parameters for a high power laser. The 
modelling of the intemal efficiency of the device is somewhat more subtle than that of the injection 
efficiency [ 4, 11, 12, 13], because in principle, carrier densities in the heterostructure are pinned 
above threshold at their threshold values .. So that, even if we have an injection efficiency due to 
leakage towards barrier and confinement layers of 50 %, the intemal efficiency taken simply as 
predicted by such a classica! drift-diffusion model may be higher than 90 %, depending on the 
required carrier density in the QW, whereas the experimental data show much lower values. In this 
case, we must take into consideration also additional free carrier absorption due to the relatively 
high injection into the barrier layers, where we find a large fraction of the optica! field. In this 
section we show only the influence of the carrier injection, mainly electrons as explained above, 
from the active region into the barrier and confinement layers. This depends on the energy baniers 
experienced by carriers at the interfaces between active region and barrier layers [ 4] as well as these 
between barrier layers and confinement layers. 

Fig. 3.5 presents a magnification of the energy band diagrams for the conduction band a), b) 
and for the valence band c), d), respectively in the case of symmetrie structure. Fig. 3.6 a) - d) 
presents similar plots for an asymmetrie structure. The injection levels in the QW are 4 x 1018 cm·) 
and 8 x 1018 cm·3 • In the first case only leakage into the barrier layers is important while for 8 x 1018 
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cm·3 carrier density in the QW both leakage terms, i.e. in harrier and confinement layers are 
significant. The energy harriers in the conduction band at the interfaces between the low doped and 
the moderately doped confinement layers change shape considerably at high injection level in the 
quantum well, causing significant leakage into the moderately p-doped confinement layers. 
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injected carrier density in the QW. Symmetrie structure 

An interesting discussion is given in [4]. In our case, above threshold the carrier density is 
pinned in the QW region and the further increase of the injected current is used in the lasing 
process. However, the potential profile across the structure is changing while current is considerably 
increased, due to the series resistance of the various layers of the structure. Laser diodes may 
operate at injection current values 10 times larger than threshold. In the lasing regime, well above 
threshold, a fraction of the injected carriers is lost by increasing the carrier injection due to the 
change of the potential in the harrier and confinement layers. Th.is fraction is not useful for lasing 
and is observed as a decrease of the internal efficiency of the device. 
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injected carrier density in the QW. Asymmetrie structure 

Fig. 3.7 shows the plot of the intemal efficiency decrease as a function of the threshold 
canier density in the QW. 
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We notice that the intemal efficiency can decrease down to values of 50% if high carrier 
densities are required in the QW at threshold, hut for a fairly large range of values of the threshold 
carrier densities in the active region, i.e. lower than approx. 4 x 1018 cm-3 it remains close to unity. 
In spite of the significantly smaller injection efficiency at threshold in the asymmetrie structure 
compared to the symmetrie one, the intemal efficiency in the asymmetrie case is only a few percents 
lower at high carrier densities. 

3.2.3. Charge imbalance 

During computations, a difference between the value of the injected electron and hole carrier 
density values in the QW and in the harriers was often noticed. It was assumed in the present 
computations, similar to other works, that the carriers in the QW and harrier regions are close to 
equilibrium and in this case continuity of the quasi-Fenni levels for electron and holes can be a 
valid supposition. In such a case, the solution given by the above described drift-diffusion model 
automatically gives the quasi-Fermi levels as a result of solving the system of three equations. 
Poisson's equation does not permit the build-up of net charge in the whole macroscopie 
heterostructure, hut local charge neutrality is not necessarily preserved [10]. 

To my knowledge, the only work that discusses the justification of the so widely used 
assumption of quasi neutrality is [9], for current flow in a semi-infinite homogenous semiconductor. 
That work analyses so-called lifetime semiconductors, in which dielectric relaxation is much faster 
than excess carrier recombination. As shown in [9], any excess minority carriers are assumed to be 
almost completely compensated for by majority carriers due to dielectric relaxation before 
recombination starts to play a role. The distributions of the excess minority and majority carriers 
have the same shape, hut are shifted in space when carrier mobility values are not the same. The 
shift in space is essentially the distance e!ectrons and holes drift apart in the dielectric relaxation 
time r0 . Thus, if the distributions of the majority and minority carriers show large gradients (as is 
the case near the heterojunction interfaces, tak.ing also into account the small values of the thickness 
of a QW active region), the local charge neutrality is not always a valid assumption. Following the 
results derived in [9], in the case of an undoped GaAs region, quasi-neutrality is guaranteed for all 
current density values in the case of injection, hut in the case of accumulation only if: 

J>>q·µ ·(b·N +N )· qV, 
p D A 2·IND-NAI 

(3.12) 

where b is the ratio of the electron and the hole mobilities b = µ" / µP' Nis the net doping level and 
V, = kT/q is the thermal voltage. If the usual parameters for GaAs are substituted in (3.12) we 
obtain J >> 300 A/cm2 ifthe net doping level is considered to be 5 x 1014 cm·3• 

Fig. 3.8 presents the plot of the ratio n / p in the quantum-well as obtained rrom the drift
diffusion model as a function of the injected carrier density in the QW. 
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We notice that the ratio is very close to unity for large carrier densities and deviates from unity at 
lower injection levels. In all cases, the deviation is quite small anyway and is not expected to 
influence significantly the gain in the active region. If the doping level in the harrier layers is much 
increased, then the difference in the computed threshold current density may be as large as 50 %, as 
shown in [ 10] using a similar model as in this work, the tendency being of increasing the threshold 
current density when the ratio n / p increases. 

3.2.4. lnjected carrier density in the optica! trap layer 

In the asymmetrie structure the maximum of the field intensity distribution is placed in the 
optica! trap layer, so that it is desirable to minimise free carrier absorption in this layer. Even ifthe 
net doping level may be very low, under lasing regime there will be a large amount of injected 
carriers in this layer. In order to eva1uate the amount of injection into the optica! trap, Fig. 3.9 
presents a plot of the injected electron and hole densities as a function of the corresponding carrier 
density in the QW region. 
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Fig. 3.9: Injected electron and hole density in the optica! trap layer as a 
function of the QW carrier density. Asymmetrie structure 

For QW carrier density values below 4 x l 018 cm·3 the amount of injection in the optica! trap 
layer is lower than 1.5 x 1017 cm·3, leading to tolerable losses but for high injection level in the QW, 
the values of free carrier absorption in this layer caused by carrier densities in the order of 6 x l 017 

cm·3 are intolerably high. This is also a very important consideration for the challenging task of 
designing a layer structure with total modal losses below l cm·1• 

3.3. lnjluence of the QW carrier capturelescape processes 

As will be presented in Chapter 5, for 6 run SQW structures, the experimental threshold 
current density can be larger than 800 A/cm2 for the symmetrie structures and larger than 2500 
A/cm2 for the asymmetrie ones. Associated with these large values of the threshold current density, 
the apparent intemal efficiency may be as low as 50 - 60 %. As shown in the preceding section, this 
cannot be explained using a classica! drifi-diffusion approach. Even using valence band-mixing, 
threshold carrier densities of 7 - 8 x 1018 cm·3 are much too high. We try instead to look for the 
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cause of this behaviour in the ineffectiveness of the quantum carrier capture process in the SQW 
structures. 

3.3./ . Literature survey of the actual state of the understanding of quantum capture/escape 
in a QW active region 

The question of carrier capture by the QW active region of a laser diode is one of crucial 
importance with respect to lasing parameters such as threshold current density, differential 
efficiency and modulation capability. This problem was extensively studied since 1980. Still, 
understanding is far from complete. This section tri es to review the actual level of understanding. 

3.3. I .1. Early studies of trapping efficiency on photopumped laser diodes 

First studies, as described in [14], were made at 77 K on MQW active regions that were 
simply embedded in an Al,Ga1_,As thick confinement layer. Photoexcited carriers in the 
confinement layers diffuse to the well, are collected (trapped by the QW) and recombine radiatively 
in this region. This process is observed in the emission spectrum as the corresponding transition 
between le (first level for electrons) and lh or 11 (first level for heavy holes and respectively light 
holes). The untrapped carriers generate light corresponding t-0 the direct gap characteristic transition 
of the Al,Ga1_,As confinement layers. Such experiments revealed that in quantum wells with 
tbickness less than 10 nm electrons remain "hot" relative to the GaAs band edge which was 
explained as follows: when the QW size approaches the e!ectron scattering path length IP' which is 
approx. 6 nm, electrons are not scattered sufficiently to therrnalise in large density from the band 
edge of the confinement layer to the lower confined states of the QW. Good lasing was obtained 
only for 6 MQW (QW width 12 nm, harrier width 12 nm). A single QW of 8 nm barely operated as 
a laser at 77 K (not at all at 300 K), but as soon as the number of QW's increased to four, carrier 
scattering was much more effective. 

The next step was to design the so called SCH (separate confinement) type ofstructure, step
like or graded [15 - 17], in which the active region is inserted between two Al,Ga1_,As harrier layers, 
which play also the role of optica! waveguide. For this purpose the whole assembly is 
symmetrically embedded in Alpa1_yA.s (y > x) cladding layers. This made possible very low 
threshold operation for single quantum well (SQW) structures with QW thickness as low as 6 nm if 
the transition from harrier to cladding was graded. The excess carriers injected from the Alpa1_yA.s 
layers are confined in the Al,Ga1_,As harrier layers and trapped in the QW within a very limited 
spatial region, close to the QW, with an extension significantly smaller than the harrier layer 
thickness, which is approx. 0.2 µm. 

If an electron is not scattered to lower energies and collected on its first excursion, it will 
repeat the traversals until being captured in the well, or, until after a long enough time it recombines 
outside the wel!. In this particular design, because of carrier confinement in barrier layers, the 
trapping probability is much increased, i.e. the uncaptured electrons may "reflect" at the Al,Ga1_,As 
/ Alpa1_yA.s boundary, and actually may perform more traversals before finally recombining in the 
QW or in the harriers. Clearly, the linear graded design is the most favourable, because the built-in 
electric field in the graded regions enhances the recombination in the QW. For relatively thin SQW 
active regions (- 6 nm) grading gives a significantly lower threshold current density and a 100 % 
trapping efficiency [ 16], while for example the step-like configuration pro vides only 40 % trapping 
efficiency, similar to the simple design with no extra harrier layers. It is worth noting that 
experiments regarding the trapping efficiency were made at relatively low excitation densities 
(-1011 cm·2 sheet carrier density). Evidence of the effect of the finite capture time on the 
homogeneity of gain in quantum well lasers was experimentally shown in [18]. 
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3.3.1.2. Fundamental studies of the carrier capture time in a QW laser heterostructure 

Many more fundamental studies were made in order to explain the carrier capture in a QW 
structure [19 - 26], specially related to the theoretically predicted oscillations of the capture time as 
a function of the QW configuration of neighbouring layers. Two main study techniques with 
picosecond resolution, often performed at low temperatures, imply measuring the MQW 
luminescence rise time and harrier luminescence decay time, respectively. In the first technique the 
capture times are deduced from the differences in the rise time of the QW luminescence after direct 
(below the harrier band gap) and indirect (above harrier bandgap) excitation with a picosecond laser 
pulse. The latter is done in order to eliminate the effect of the excitation relaxation process, which is 
responsible for the long rise times exciton lumîniscence of several hundreds of picoseconds after 
excitation with a laser pulse. 

In the second case, the decrease of the carrier concentration in the barrier states is measured. 
Sînce the luminescence întensity is proportional to both electron and hole populations, the barrier 
photoluminescence is expected to decay with the fastest of the effective capture times, either 
electron's or hole's, whereas the well luminescence is expected to rise with the slower of the two. 
Due to the higher effective mass, holes are captured first in the well. After capture, they will 
electrostatically attract electrons towards the QW, and keep them in unbound states before they are 
captured. The remaining holes in the harrier layers will be electrostatically repelled by the well, 
which gives rise to a decrease of the hole capture rate. The net result is an ambipolar capture process 
with a capture rate which is between the electron and hole rates. The main result of these works is 
the experimental observation of an oscillating behaviour of the ambipolar capture time at low 
temperatures [22 - 26] and at room temperature [21 ], if the harrier thickness is less than the 
coherence length for electrons and consequently carrier transport in the harriers can also be 
described by quantum mechanics, and if the excitation density is low (< 2 x 1017 cm-3). A very 
useful parameter, the local capture time [23], may be extracted for use in a classica! diffusion model 
of carrier transport combined with a process which occurs only in the spatial region of the QW 
(local). The latter characterises the scattering process between the three dimensional harrier states, 
spatially Iocated in the well, hut energetically above the well, and the two-dimensional subbands for 
carriers that are spatially and energetically located in the QW. This approach is going to be used 
also in the present work. This parameter oscillates in the range 0.1 - 1.8 ps. Until now, such 
oscillations were not experimentally demonstrated for high values of the excîted carrier densîty in 
the quantum well, i.e.> 2 x 1018 cm·3, as in the case of real lasing devices. In such cases, the carrier 
accumulation in the harrier leads not only to additional recombination losses, but also to screening 
ofboth the carrier-carrier and the carrier-phonon interaction, which decreases both the c-ph and c-c 
capture rates. This would reduce the total capture rate, i.e. increase the capture time. The 
understanding of the processes occurring in such cases is still poor. 

3.3.1.3. Ejfects of carrier transport on high frequency laser diode behaviour 

It has been recognised recently [27] that in order to adequately address the question of 
whether the predicted high modulation bandwidths (60 - 90 GHz) of quantum well lasers can be 
realised, it is important to understand whicb are the limiting physical processes involved. Spectra! 
hole burning, carrier healing and carrier transport in the heterostructure are possible candidates. 
Experimental evidences [27 - 29, 31 , 32] indicate that, for quantum well lasers with long separate 
confinement heterostructure regions, the carrier transport is the dominant factor limiting the 
modulation bandwidths of the devices [30], although it is not easy to separate the different 
contribution of these effects. 

Physically, there are two types of carrier transport in quanturn-well lasers: one is the real 
space transport, which describes carrier drift and diffusion in the harrier regions and the other is the 
state space transport, which describes quantum capture and escape processes between the 
unconfined states and quantum we11 regions, as shown in the previous paragraph. Rideout et al. [33] 
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fonnulated a phenomenological carrier capture model, assuming an effective capture time, and 
found that the effect of carrier transport is approximately equivalent to an enhanced gain 
compression under certain conditions. Nagarajan et al. considered the effective capture time as 
being dominated by carrier diffusion across the harrier layer in the SCH and neglected the quanturn 
capture of carriers into the QW, since the quantum capture time is typically shorter th~ 1 ps [3]. 

Kan et al. [27 - 29], showed quite the contrary. They show that the extremely fast quantum 
capture processes {<l ps) are intrinsically correlated with the diffusion process and strongly 
influence the modulation bandwith. Their model is based on rate equations describing the diffusive 
transport across the SCH in the presence of a carrier sink at the QW, similar with the model used in 
[22 - 26]. 

Under ordinary circumstances, electrons diffuse much faster than holes and therefore, one 
might expect the bandwidth limitation to be caused by hole transport. This is totally contradicted by 
the results of Kan et al. [27]. The reason for this is that the quantum capture time for holes is much 
shorter than for electrons. The ratio between the quantum capture time and escape time R = '"'P / '= 
used in the computations was taken to be 0. 1 for both carrier species. The effect of quantum capture 
is manifested through the unbound carrier density at the position of the QW, since this density 
increases linearly with •cap and R. As a result, the increase of the carrier density in the QW forces an 
increase of the unbound carriers in the harrier layers, which leads to an increase of the diffusion 
current flowing away from the QW and results in inefficient modulation. Hole capture, which is 
faster than electron capture, thus produces a much stronger sink at the QW, compensating the effect 
of the slower diffusion of holes across the harrier layers of the SCH. 

The classica! diffusion limit due to diffusion time lhD={Ll2/1(2D) has been experimentally 
demonstrated by Nagarajan et al. using QW lasers with extraordinary wide SCH (harrier for carrier 
confinement in the separate confinement structure) layers, i.e. 0.3 µm each. However, in typical QW 
lasers with L - 100 nm (total), the classica! diffusion limit (- 100 GHz) is wel! above the limit 
posed by other intrinsic and practical factors. The critica) parameters are •cap and R. This effect was 
clearly experimentally demonstrated in [29] using in-well and out-of-well optica) modulation, and 
also comparing with electrical modulation. One of the main results is that, under electrical 
modulation, the location of the pole in the curve of modulation response as a function of the 
modulation frequency is detennined by the effective time: 

L L 2 
2" = 2" • SCH + ...JS;!:!_ 

' 1 cap L SD QW 

(3.13) 

where D is the diffusion coefficient, LsCH is the total thickness of the harrier layers, LQw is the 
thickness of the QW region and <cap is the intrinsic (local) quantum capture time. The second term is 
due to diffusion only, while the first one is due to the combined effect of diffusion and intrinsic 
capture time, through the coupling caused by the unbound carriers. For pure in-well optica) 
modulation, the similar factor is given by: 

LSCH 
<inwell =<cap ·-- (3 .14) 

LQW 

Thus, by comparing the two quantities it is possible to detennine quantitatively the effect of 
pure diffusion. The conclusion was that, in the case of the device studied, the scaled-up quanturn 
capture time was 34 ps and the pure diffusion time only 4 ps. This is a major breakthrough, since all 
previous measurements which used photoluminescence techniques [20], measured only the effective 
time given by (3.13), from which the contribution of the quantum capture time was almost 
impossible to extract. In the next section, we are going to show that these factors can also affect the 
steady state laser parameters, such as threshold current density and differential efficiency. 
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3.3.2. Injluence of quantum well capture time on the steady state lasing conditions 

The simple drift diffusion model is not valid for regions very close to the active layer, where 
quantum carrier and escape rate equations should be used (30, 23). An attempt to fit the quantum 
rate equation model (valid in the range given by the carrier coherence length) with the classica! 
diffusion one, for large SCH waveguides (thickness > 50 nm), is made using the concept of 
"ambipolar local capture time" presented in section 3.3.1.2. As in (30], the local capture/escape 
times are taken into consideration by imposing a Fermi level discontinuity between the active 
region and the banier layers (or between the area near the quantum wel! where the transport is 
govemed by quantum rate equations and the neighbouring regions in our case, sealing 
correspondingly the local carrier capture/escape time). Fig. 3.10 describes schematica\ly the 
theoretica! model described above. 
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Fig. 3.10: Processes involved in carrier transport in a laser diode structure 

The SCH region plus QW is divided in three parts: diffusion dominated parts to the left and 
the right and a capture/escape dominated part of the size of the coherence length, which also 
includes the QW. We derive the behaviour in the Jatter part assurning that the densities are not 
determined by a continuous Fermi level, but are related to the escape/capture time by the rate 
equations [30]. Now the net capture rate density I." into the QW given by : 

1 d ·n d ·n 
__!!!l_=~-~ (3.15) 
q 

where d,0 h is the coherence carrier length, q the elementary charge and nb is the carrier density in the 
d,0h range. 

Furthermore we have net harrier injection current density I.b at the border between the drift
diffusion and the centra! region: 

I "• - I net R ( ) ------ b nb 

qdcoh qdcoh 
(3.16) 

Inside the QW we have: 

I 
_!!E._ = R /n ) + v · G · s d qwl' qw g 
q qw 

(3.17) 
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where Rb(ni) is the recomhination rate in the region very close to the QW, RqJnqJ is the 
recombination rate in the QW at threshold and vgGS descrihes the stimulated recomhination rate 
with vg the group velocity ofphotons, G the gain and S the photon density. 

Comhining (3.15-3.17) we ohtain the harrier carrier concentration in the region govemed by 
quanturn rate equations nb as: 

dqw Tcap dqw 
n =n ·--·-+(R +v ·G·s)·-·T b qw d qw g d cap 

coh "l" esc coh 

(3.18) 

The first term descrihes the increase of the population in the harrier (next to the QW) 
necessary hecause of the carrier capture/escape time rate and the second the increase due to the 
recomhination in the QW (spontaneous and stimulated). Eq. (3.18) determines the Fermi level 
discontinuity hetween the region govemed by quantum rate equations and the one where the 
classica! drift-diffusion model is valid. The second term is unimportant in our case, if we take a 
value of 1.25 ps [23] for the local ambipolar carrier capture time. The first term however, can be 
very large indeed for thin quantum well regions in the high injection regime, due to the high value 
of the r""P / r..,c ratio in this case. Values as high as 0.4 - 0.5 for such ratios were computed for 
AIGaAs SCH [34). 

In such situations, hecause of the increased population in the harrier layers, the threshold 
current is much increased by decreasing the injection efficiency, due to recombination in the 
harriers. As explained ahove, the modelling of the differential efficiency is more subtle, because, in 
principle, carrier densities are pinned after threshold. In this case the differential efficiency can be 
decreased due to the increase of the leakage current in the harriers and due to the increase of the free 
carrier absorption in the harrier and the waveguide. 

Including the mixed quantum-classical model in the complete model presented in section 
3.2. 1, Fig. 3.11 presents the computed threshold current density, injection efficiency at threshold 
and intemal efficiency above threshold, for the symmetrie and asymmetrie structures presented in 
section 3.2. 1. Fixed values of the carrier capture time r""P and of the ratio rcap / r"c were used in the 
plot, although in principle those parameters may be dependent on the injection level in the QW. We 
should compare those graphs with Fig. 3.3 in section 3. 2. 1. The tendency is to significantly increase 
the threshold current density, with values for the asymmetrie structure significantly higher than for 
the symmetrie case (due to recombination in the optica! trap) and to decrease the intemal efficiency. 
lt is interesting to notice that the injection efficiency at threshold shows a small increase, instead of 
decreasing when the injection level in the QW increases, as in Fig. 3.3 a) in section 3.2.1. This is 
also an effect of the increased population in the harrier states, which is described by the Fermi level 
discontinuity. This discontinuity is slightly smaller at higher injection levels in the QW. 

C' 5000 

n t," = 1.25 ps; R=tc,0/!~ =0.1 
$ 4000 
~ -;;; 

~ 3000 Asymmetrie strueture ".".""". 

c:: .".""""."".".>"···•"'' 
a:i •••• • ". 

~ 2000 ""."""""""""""""""" 
.., 
~ 1000 

e 
"' 

Symmetrie strueture 

~ o--....... ~~~_.___...._ ............... ~~-----' 
3&+018 4e•018 5e+018 

QW injected carrier density (cm'") 

Fig. 3.11 : a) 

Symmetrie strueture 

""" ~2ob-~~~~~_;;i~~~~~~~1 
c:: 
(1) 

:§ 
:; Asymmetrie strueture 

.g 10•' ""'"'""'" """"'"' ""'"~."."."" .. "".""".".""" ".""""."".""" 

" .!ll. 
.E 

o.__..__..__.__.__.__.~ ........................................ _.__.__. 
3e+018 4e+018 4&+018 5&+018 

aw injecled carrier densily (cm~) 

b) 

41 



Chapter 3: Gain and carrier transport 

1.0..-----------------. 
o.9 A . symmetrie strueture 

~~:~" .. " .. " ....... " .. " ...... " ." .. ~" .... " 
•!:1 0.6 
a; 0.5 
-.; 
E 0.4 
C1l 
Ë 0.3 

0.2 

0.1 

Sa0+01s 

Symmetrie structure 

4a+018 

aw injected carrier density (cm·") 

c) 

5e+018 

Fig. 3.11: a) Threshold carrier density b) injection efficiency and c) apparent intemal efficiency as a 
function of the injected carrier density in the QW fora fixed carrier capture escape ratio R = O. l 5 . 

... 1000 1.00 
E 

" ~ 
!!:' 

'" c 

" .,, 
c 

Ë 
" " .,, 
ë 
"' "' e 
"' ~ 

800 

600 

400 

200 

8.oo 

Symmetrie slruelure 

0.05 0.10 0.15 

"' " c 
CD 

0.90 

:ll 0.80 

~ 0 70 
CD 

c 

0 .60 

..... 1~0 ~ 1.25 ps 
"." ... .. , 

.... " .. ". 
''•1,, .," •• " 

Symmetrie strueture 

0.05 

a) b) 

·····"." 
" "". 

0.10 

."""., 

0.15 

Fig. 3. l 2: a) Threshold current density and b) apparent intemal efficiency as a function of carrier 
capture/escape ra te for a fixed injected carrier density in the QW. Symmetrie structure. 

To demonstrate the effect of the ratio '""P ! resc on the lasing behaviour of the device, Fig. 
3.12 a, b plots the dependence of the threshold current density a) and intemal efficiency b) as a 
function ofthis parameter, keeping the injected carrier density in the QW fixed at 3 x 10'8 cm·3• 

If we compare with the classica) limit, which is given by the drift-diffusion model without 
quantum capture effects, the threshold carrier density may increase by a factor of four and the 
intemal efficiency may significant\y drop from 89 % to 19.4 % for '""P ! r.,.c = 0.15. These effects 
are qui te important if the quantum confinement is poor, and can not be treated in the simple drift
diffusion models widely used to describe carrier transport. This simple model is valid if the harrier 
population is limited by classica! injection and not by quantum effects, which means that a 
continuous Fermi level in the heterostructure can be used. 

Finally, another unwanted effect in the case of the asymmetrie structure, is the increased 
recombination current and associated injected carrier density in the optica! trap layer. 

Ifwe compare the level ofinjection in the optica! trap layer, given in Fig. 3.13, with the one 
in Fig. 3.9 in section 3.2.4, we can see that this increases by a factor of six for a QW carrier density 
of 3 x 1018 cm·3 and by a factor of four fora QW carrier density of 6 x 1018 cm·3• This injection level 
is unacceptably high, leading to both high intemal absorption and increased threshold current 
density. 
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3.4. Temperature dependence of the threshold current density. Material gain in QW active 
regions. 

This section refers to computation of the temperature dependence of the threshold current 
density, usually described simply by an empirica! formula: 

J 11, (r) = J 0 ·er· (3.19) 

where T0 and J0 are empirica! parameters to fit the experiment. 

In practice, measured T0 values are in the range 100 - 250 K, depending on the actual 
configuration of the active region. In principle, the values are worse, i.e. lower, for SQW (single 
quanturn well) structures and better, i.e. higher for MQW active regions. Also, the T0 values are in 
genera! worse for short devices (higher injection level) and better for long laser diodes. As it is 
going to be shown in the next paragraph, this is due to the increased influence of carrier leakage in 
SQW and short cavity devices. 

The computer model uses the classical drift-diffusion model, with or without quantum 
carrier capture corrections, as presented in sections 3.2 and 3.3, and a model for material gain as a 
function of temperature. This works as follows: assuming a material gain needed at threshold, the 
corresponding threshold current density is deduced as presented in sections 3.2 and 3.3, for the 
whole heterostructure, at a given temperature T. From the gain model the change in the threshold 
carrier density necessary to maintain the same gain at a higher temperature, T + dT is thus 
computed. The new threshold current density is again computed as before, including also the 
temperature dependence of mobility, density of states and band gap. 

3.4.1. Characteristics of material gain in QW active regions 

The material gain in QW active regions is very well described in [11). Very briefly, some 
particularities of the material gain when compared with bulk active regions are going to be 
reproduced here. Optica! gain in semiconductors is caused by photon-induced transitions of 
electrons from the conduction band to the valence band, and is given by: 

""" 1 ff . e2 
. n n 2 ( ) { r ) 

g(naJ) = L.J -· ·-f·IM,l ·p,ed E,h- Eg ·vc-fv 
allowed transitions ha> co . c . mo n 

(3.20) 

where g is the gain, nc is the group index of refraction, n is the refractive index, Ic and f., are the 
Fermi-Dirac occupation probabilities for electron, respectively holes, Pred is the reduced density of 
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states, E.h = h{l) is the transition energy and Eg is the active region band gap plus the shifts due to 

quantisation in the conduction and valence band respectively. 1 M, J 2 is a matrix element, 
characteristic for the optica) transition in a certain material. In bulk material, this parameter has the 
same value for all x, y, or z polarisations while in QW structures it is enhanced for polarisations 
laying in the plane of growth (TE polarisation). Optica! gain in the material is attained when we 
inject a carrier density beyond a certain value Nrr of the transparency carrier density, such that the 
quasi-Fermi levels are separated by a value larger than the band gap. A step-like density of states, as 
is the case in QW as a result of quantisation, is expected to result in higher differential gain, if 
compared to the bulk parabolic case. However, experimental values of transparency current density 
and material gain feil below these expectations, being slightly better, bul close to the bulk values. 
Therefore, a reconsidered approach was needed. In the previous model it was assumed that an 
electron in the conduction band would stay in its state for ever, if it weren'! for interactions with 
photons, i.e. the energy of the state is sharp. In reality, interactions with phonons and other electrons 
contribute to scatter the electron to another conduction band state, i.e. the lifetime of the state is not 
infinite. It is presently believed that it is on average 0.1 ps, i.e. each 0.1 ps an electron (or hole) is 
scattered towards a new state. This means that an incoming photon with energy E = /i{l) will not 
only internet with transitions given by E.h = /i{l) , but also with transitions within an energy spread 

E.h "'/i{l) ± !: where T is the scattering time of 0.1 ps. To include the spectra! broadening of each 
T 

transition, we convolve the expression for gain with a Lorentzian spectra! lineshape function over 
all transition energies as follows: 

G(n{l))= fg(!i{l))·L(E.J·dE,h 

h 

L(E,J = L T 2 

"(E,h-h{l))2+(~) 
(3.21) 

Fig. 3.14 a) presents a set of computed material gain curves as a function of wavelength for 
a 6 nm thick QW, for different values of the injected carrier density in the QW region. As it can be 
easily seen, two effects of the finite lifetime are important: the reduction of peak gain and the 
deformation, i.e. smoothing of the spectra) shape. It is also worth to notice the shift of the peak gain 
wavelength from the value corresponding to the transition E l -HHl to the transition El-LHl as the 
material gain increases. This dependence is also observed in devices measured in the present work 
and is interpreted as a possible proof of the fact that actual gain in the QW is low, i.e. the losses are 
small, in spite of the high values of the threshold current density. 

Nevertheless, the computed values of the peak gain were more optimistic than measured 
values. The next approach was to introduce the effects of valence band mixing in the QW active 
region. For GaAs, when heavy hole and light hole bands are degenerate in energy, they strongly 
internet and the effects of such an interaction are strong, inducing non-parabolicities of the 
corresponding subbands. As a result, the material peak gain is reduced with a factor of around two, 
and the threshold carrier densities are significantly increased. As a consequence, the corresponding 
leakage current density computed using the drift-diffusion model is also significantly increased. 

The peak material gain as a function of injected carrier density in the QW, computed using 
valence band mixing is presented in Fig. 3.14 b), for different values of lattice temperatures. In 
addition to this effect, leakage current in barrier and confinement layers appears and is often the 
limiting factor in actual devices. 
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Fig. 3.14: a) Spectra! dependence ofmaterial gain (parabolic band approximation) and 
b) Peak material gain including valence band mixing effects 

as a function of injected carrier density in a 6 nm QW 

Related to material properties, it is worthwhile to describe in a few words the effects of 
compressive strain in In.Ga1"As QW laser diodes. The hydrostatic component of the strain shifts the 
conduction band upwards and the valence bands downwards, thus increasing the overall bandgap 
[l]. The shear part of the strain has a more important effect, i.e. it separates the heavy-hole and 
light-hole valence bands, each being pushed in an opposite direction from the centre by a certain 
amount, which is in total 80 meV for example, in the case of li\120G~ 8tAs. The light hole bands are 
pushed below the heavy hole bands. Thus the band edge degeneracy is removed and as a result the 
valence band non parabolicity is greatly improved. 

At the same time, the effective mass within the plane of compression is significantly reduced 
if compared with the unstrained case, while in the direction perpendicular to the plane it remains 
unchanged. Consequently, the corresponding densities of states for electrons and holes match much 
better in the strained case and this leads to lower transparency levels and higher differential gains, 
which are also measured experimentally. 

3.4.2. Mode/led tempera/ure dependence of the threshold current density 

A number of studies were recently reported on comparing computed and measured 
threshold current density behaviour as a function oftemperature [35 - 39]. The most advanced [37 -
38] use a drift-diffusion model for evaluating leakage current and a gain model in order to find the 
carrier density needed to achieve threshold at a certain temperature. A similar approach is used in 
this work. As mentioned above, valence band mixing models for gain predict much higher threshold 
carrier density at threshold, when compared to the parabolic approach. As a consequence, the 
leakage current has a larger value and so the T0 parameter becomes lower (poorer). 

Fig. 3.15 presents the dependence ofthis parameter on injected carrier density in the QW at 
threshold, for the symmetrie and asymmetrie structures studied before (see Fig. 3.1, section 3.2), 
except for the QW thickness which is now 6 nm instead of 8 nm. 

There is a strong dependence on the injected level in the QW at threshold, and this can be 
explained as follows: in a SQW structure, the first level lies relatively high above the band edge. 
Thus, the quasi-Ferrni level is forced to be higher than in bulk material, in order to achieve the same 
gain, especially for high losses (small lengths), when high carrier densities are needed. As noticed in 
Fig. 3.15, the T0 values are slightly poorer for the case of an asymmetrie structure with optica! trap 
layer, due to additional current loss in this layer. These values are in the range 60 - 90 K, depending 
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on the injection level. They are in agreement with measured values in [39] and in the present work. 
Experimental data are going to be presented in Chapter 5. 
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Fig. 3 .15: T0 parameter as a function of injection level necessary for threshold in a 6 nm QW 

3.5. Conclusion 

This chapter is concemed with modelling of carrier transport related parameters as threshold 
current density and its temperature dependence, apparent intemal efficiency above threshold and 
injected carrier density in harrier and optica! trap layers. 

Threshold current density is first simulated using a classica! one-dimensional drift-diffusion 
model and assuming equilibrium between the QW and the harrier layers. For 6 nm SQW structures, 
symmetrie and asymmetrie, measured threshold current values are significantly larger than 
predicted by the model. We propose then to explain these effects taking into consideration the 
inefficient capture process of carriers in the QW active region. As a consequence, the harrier 
population significantly increases and because of that even the apparent intemal efficiency can be 
significantly decreased. If we want to decrease the threshold current density, careful design of the 
active layer neighbouring regions must be made in order to improve the collection efficiency in the 
QW. 

The injected carrier density in the harrier and optica! trap layer at and above threshold are 
examined, in order to evaluate the amount of free carrier Jasses under lasing conditions. Finally, the 
temperature dependence of the threshold current density is theoretically investigated using the one 
dimensional model described above and gain models. 
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Chapter 4 
Specific aspects of processin2 

4.1. Introduction 

This chapter presents a short report on processing steps that are not usual for laser diodes. 
One of the widely used methods for providing the required index-guiding in the lateral direction is 
the etch of the material outside the stripe region. Here, repeated anodic oxidation is used for this 
purpose, since it offers a very good control of the etch depth. Although the anodic oxidation process 
itself is well known, data regarding material consumption rate of Al,,Ga1.,As are very rare in the 
published literature and do not even exist for some composition ranges. Also, lateral etch profiles 
obtained with this method were not previously reported. Even if AuSn mounting of devices on 
silicon submounts is a common procedure, a short descriptîon is given nevertheless, since the 
process had to be newly developed in the TUE laboratory. 

4.2. Repeated anodic oxidation as a method to define the stripe width with good contra/ of 
etch depth 

In order to achieve good control of \ateral behaviour of the beam, precise adjustment of the 
difference in effective refractive index between stripe and neighbouring regions (l'ln,ff) is a must. If a 
ridge waveguide is used, this translates into good control of the etched thickness outside the stripe 
region, as explained in section 2.3. In order to have a waveguide width of 5 µm supporting only the 
fundamental mode, l'lneffmust be smaller than 10·3• In real devices, the first lateral order mode is also 
supported by the waveguide, but is discriminated by its higher threshold gain. In practice, the lateral 
mode behaviour is much more complicated through the influence of the temperature profile and 
carrier induced antiguiding. Fig. 4.1 a) presents the plot of 6.n,ff as a function of the distance from 
the active layer, for a typical symmetrie structure. The corresponding ridge shape is shown in Fig. 
4.1 b). We notice that relatively small differences of the etch depth, i.e. 0.1 µm, double the value of 
t..n,fJ' in the range ofvalues useful for real devices. Thus, the control of a total etch depth of about 1 
µm with an accuracy of20 nm is an important point for processing. 
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4.2.1. Oxide thickness and material etch ratefor different Al compositions 

We studied a p++ GaAs substrate and four complete laser diode structures, with p-n junctions 
and different doping levels, with corresponding layer structures presented in appendix A. In 
structure #1, we mainly etch p-doped Al045Gllo 55As, not crossing the p-n junction. In structure #2, 
we etch essentially Al060Gllo .• cAs, crossing the p-n junction, while in structures #3 and #4, similar to 
#1, the compositions of etched layers are Al0.38Gllo 62As and Al0.22Gllo 78As, respectively, but with 
doping levels lower than in # 1. 

The experimental set-up is very simple. The cathode consists of a Platinum wire electrode 
and the anode is the semiconductor wafer. The backside contact is made on the n++-type substrate 
using a stainless steel vacuum holder. The p-side is exposed to oxidation while the n-side does not 
contact the solution. Photoresist was used for masking the ridge. For anodic oxidation, we used a 
mixed solution of glycol, citric acid and water, similar to [2]. This process is very stable and shows 
a good reproducibility. The solution consists of 1 part solution of 3 g citric acid in 100 ml H20 and 
2 parts ethyleneglycol. The pH of the solution was adjusted to 6 using ammonia. The oxidation 
steps were performed at room temperature in day light conditions. Removal of the oxide was done in 
diluted HCl (1/10) in all cases. The first experiments involved single step oxidations performed at 
constant voltage, 120 V or 150 V, the process being stopped when the current density was below 1 
mA/cm2 • Next, the processes involved single step oxidations under constant current conditions, 
using a current density of 2 - 4 mA/cm2• We measured the etch depth and oxide thickness using a 
Tencor step profiler after photoresist removal. Results are summarised next. 

a) GaAs p++ material 

For the p++ substrate, the measured rate of oxide growth is 1.87 nm/V and of material 
removal 1.27 nm/V, respectively. Those values were measured after 10 oxidations at 120 V, in 
constant voltage conditions and it seems that they are not affected by the presence of a p-n junction. 
The latter conclusion was drawn from measurements on a real laser structure, in which we 
performed a single anodic oxidation that etched the p++ contact layer, this time under constant 
current conditions, using a current density of 2.2 mA/cm2• It seems that the rate constants do not 
noticeably depend on the type of anodic oxidation conditions, i.e. constant current or constant 
voltage. 

b) Al038Gllo 62As, 5 x 1017 cm·3, p-doped 

We measured the etch depth obtained after 11, 12 and 14 oxidation steps performed at a 
constant current density of 2 mA/cm2 up to 150 V final voltage. The anodic oxide growth rate was 
1.33 nm/V and the material consumption rate was 0.84 nm/V, respectively. We assumed here a 
consumption rate of 1.25 nm/V for the top GaAs layer. 

c) Al045Gllo.55As, 1 x 1018 cm·3, p-doped 

Similar measurements show values ofmaterial consumption rate of0.86 - 0.89 nm/V, values 
measured on different wafers, grown in different runs. The values are extracted from 10, 
respectively 7 anodic oxidation steps at 150 V final voltage, at a current density of2.2 mA/cm2• 

d) Alo 60Gllo.40As, 0.5 µm p-doped 8 x 1011 cm·3 then n doped 5x 1016 cm·3 

The etch profiles become very peculiar after crossing the p-n junction, probably because 
oxidation of n-doped material is more difficult due to different mechanisms for the required amount 
of hole supply. Ifwe assume the sarne material etch rate, after 10 anodic oxidation steps at 120 Vin 
constant voltage conditions, we obtain an average value of 0.77 nm/V for material consumption 
ra te. 

e) Al0.22Gao.78As. 5 x 1011 cm·3, p-doped 

We performed 11, respectively 15 anodic oxidation steps at ISO V final voltage, with 8.4 
mA/cm2 current density. 
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4.2. Repeated anodic oxidation as a method to define the stripe width 

The measured value of the material consumption rate was in the range 0.94 - 0.91 nmN. 
We <lid not notice significant differences between the two natura! cleaving directions in 

GaAs. We <lid notice a large difference between the etch rates of the anodic oxides of different 
compositions in the diluted HCI 1110 solution. For example, if we take the case of an anodic oxide 
layer grown at a final voltage of 150 V, the oxidised GaAs layer was completely removed after 20-
25 sec. while the time needed for complete removal of the oxides corresponding to the Al,Ga,_,As 
layer was more than 2 minutes. 

4.2.2. Etch profiles and side roughness 

For this type of application, the etch profile is of great importance. Unfortunately, the 
underetch beneath the photoresist mask is considerable and this restricts the usefulness of this 
method to stripe widths larger than 10 µm. On the other hand, the performances of 13.5 µm wide 
stripe devices obtained with this method are good, leading to the conclusion that the shape of the 
ridge is good for the metallisation step (no interruptions due to abrupt profiles) and for the optica! 
profile in the lateral direction. 

First, our anodic oxidations were done under constant voltage conditions, but the etch 
profiles had very rough and nonuniform side walls. Fig. 4.2 a), b) presents the etch profile after 10 
oxidations at 120 V, under constant voltage conditions on the p++ GaAs substrate (Fig. 4.2 a), and on 
structure #2 (Fig. 4.2 b),Fig. 4.2 c) shows the surface of the p++ GaAs substrate oxidised once at 120 
V, under constant voltage conditions. 

a) p++ GaAs substrate b) structure #2 

Fig 4.2: a), b) Etch profiles after 10 oxidation steps at 120 V, constant voltage conditions 

It is worth noting the difference between etching a p++ GaAs substrate and a real laser 
structure: in the first case the arnount of underetch is rather normal, i.e. the underetch is approx. 
equal to the etch depth. For the second, the underetch is very large. After 15 oxidation steps at 120 
V on structure #3, the 16 µm wide stripes were completely underetched. Using constant current 
conditions, the underetch is improved, hut it is still large, that is only 3.8 µmare left from 16 µmin 
the beginning, after 15 oxidations at 150 V final voltage, on structure #1. That means that the 
underetch is approximately 3.5 times larger than the etch depth in the best case. Using constant 
current conditions, as seen in Fig. 4.3 which presents the etch profile after 12 oxidations at 150 V 
final voltage performed on structure # l, the side roughness is qui te good and the uniformity of the 
etch remarkable. 
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Fig. 4.2: c) Surface of a p++ GaAs substrate after one 

anodic oxidation at 120 V, constant voltage. 

Fig. 4.3: Etch profile of structure # 1 after 12 
oxidation steps at 150 V, constant current. 

This behaviour of the underetch is rather strange. Since no reports on laser structures using 
this method are found in literature, we may compare our results with those obtained with wet 
thermal oxidation of layers with higher Al content [3 - 6]. Near p - n junctions or boundaries where 
the doping level changes, a larger oxidation rate is observed. In this case, possible explanations are 
the generation of electron-hole pairs due to "blackbody radiation" of the furnace and their 
interaction with the built-in electric field in the space charge of the junction [4] or lateral enhanced 
oxidation due to local stress due to the smaller volume of the growing oxide compared with the 
volume of the consumed serniconductor [5], which may lead to the formation of a weak and porous 
oxide semiconductor interface. 

Fig. 4.4: One oxidation step on a surface on which 
GaAs is exposed in 16 µm wide stripe regions 
and Al0.38G~.62 on the rest of the surface. Detail 
at a stripe edge. 

1.s.---------------. 

150 V final voltage 

0lo 0.1 0.2 0.3 o.4 o.s o.s o.7 
Al content x Al,Ga1.,As 

Fig. 4.5: Material etch rate as a function of Al 
content in Al,Ga1"As 

In our case, there is also a difference between the oxide growth rate and the material 
consumption rate, which causes a strain to build-up at the interface. Built-in strain already exists in 
the structure, originating from different lattice constants of different Jayers. An interesting 
experiment is presented in Fig. 4.4. A surface is prepared in such a way that 16 µm wide stripes of 
GaAs are exposed to oxidation while in the other regions Al0.38Gllo.62As is the material exposed. 
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4.2. Repeated anodic oxidation as a method to define the stripe width 

From previous measurements, we should expect to find a thicker GaAs oxide and a thinner one in 
the Al038Gao.62As regions. lnstead, as seen in Fig. 4.4, the oxide thickness is the same, probably 
corresponding to the Al0.38G~.62As oxide, but the GaAs oxide layer extends over the Al038G<!o 62As 
one. We do not have an indisputable explanation ofthis behaviour either, further investigation being 
needed. 

To summarise, Fig. 4.5 presents the material etch rate as a function of Al content in the 
layer. The etch process is reproducible with an accuracy of 20 - 30 nm fora total etch depth of about 
1 µm. 

4.3. AuSn mounting on Silicon submounts 

4.3.1. Device mounting using AuSn multilayer systems 

Device soldering p-side down (the p side on the heat sink) is a key factor for the ability of a 
laser diode to operate at high power in CW conditions. For example, in the case of a w = 12 µm 
wide stripe, L = 1 mm long device, the thermal resistance would be 7.7 KIW for p-down mounting 
and 31.1 KIW for p-up mounting [ 11 ]. Fora 1 W CW output power, 2 - 4 W heat must be dissipated 
by the heat sink, depending on values of the differential efficiency and series resistance, so this 
makes a significant difference. Laser diodes are very sensitive devices with respect to increase of 
temperature. If the solder has voids as a result of an oxide layer at the surface of the bonding 
medium, a decrease of the differential efficiency by a factor of ten or even more may occur very 
easily, even under pulsed conditions. Especially for high power CW operation, this process is 
particularly important. For the 1 W power level, a large copper heat sink with added Peltier or water 
cooling, is sufficient. Sophisticated silicon multichannel coolers are not needed . 

Multilayer deposited solders are a good altemative to solder preforms or pastes. They 
provide more accurate control of the houding process and decreased oxide forrnation prior to the 
houding cycle. Organic contamination of the mirror facet which is inherent when flux and preforms 
are used is to be avoided. The few commonly used solders are the low melting-point elements such 
as Indium (157 °C), medium melting point binary SnPb alloy (180 °C) or high melting-point alloys 
such as AuSn (278 °C), AuGe (356 °C) or AuSi (363 °C). Generally, the low melting-point solders 
have a better thermal conductivity but are mechanically weaker and subject to degradation of the 
thermal resistance with time. Thus, for better thermal stability and long time reliability, high 
melting-point solders are preferred. 

In the case of soft solders as Indium, the mounting can be made directly on the copper heat 
sink. The stress due to the difference between the thermal coefficients of Cu (16.5 x 10·6 K') and 
GaAs (7 x 10-11 K') is taken up by the solder which is mechanically deformed (plastic deformation). 
In the case of hard solders, such as AuSn, if the mounting process is made directly on copper, the 
resulting stress could break the device or affect the lifetime. A silicon heat sink is best suited for 
small to medium powers and a diamond one for very high power outputs. We examine here the first 
results ofmultilayer a AuSn solder system developed at the TUE Electronic Devices Laboratory. 

Table 1 presents constants of interest, such as thermal conductivity and linear coefficient of 
thermal expansion for usual materials used in optoelectronics. Generally (7-1 O] the common 
approach is to use a composite with an average composition of AUo.80Sn0.20 (weight percentage) 
which is the so called eutectic composition. In this case a single liquid solution changes into two 
different solid phases. The eutectic alloy has as its constituents (8] the Ç and t5 phases. As a 
collateral remark, the AuSn phase diagram represents one of the more complicated and intriguing 
binary systems. 
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Chapter 4: Specific aspects of processing 

Table 1 

Material Thennal conductivity (W/m!K) Linear CTE ( 1 o-• / K) 

InP 67 4_56 

GaAs 44 6.4 

Alo.sGao 5As Il 5.8 

In 81.8-86 29-33_0 

Sn 64.0-73 19.9-23.5 

80/20 AuSn 57-3 16.0 

77.2/20/2.8 Sn/In/Ag 54 28 

60140 SnPb 44.0-50_6 24.7 

88/12 AuGe 44.4 12.9-13.3 

52/48 InSn 34_0 20.0 

97/3 AuSi 27.2 12.3 

5195 SnPb 23.0-35 28.4-29.8 

Diamond (Type IIa) 2000 0.8 

CVD diamond 1000-1600 2.0 
Silver (Ag) 427 19 

Copper (CU) 398 16.5 

Gold (Au) 315 14.4 

CVD Silicon Carbide 193-250 2.3-3.7 

15/85 CUW (MSH) 240 7.5 

416190 Cu/Ni/W 230 5.4 
Beo 220-260 6.5-7.3 

30/70 CuW 201 4.3 

Aluminium Nitride 170-200 4.3 

Tungsten (W) 178 4.5 

SILVAR™ 153 6.5 

10/90 Cu/W 147-209 6.5 
Silicon (Si) 125-150 2.6-4.1 

Molybdenum (Mo) 115-140 5.4 

Nickel (Ni) 90 13 

Silica (Si02) l.2 0.6 

The Pt-Ti system is also an active system at temperatures as low as 250 °C [7]. The Ti3Pt 
intermetallic phase was reported to be the predominant phase in this system formed mainly by 
diffusion ofTi within the original Pt volume. Au and Pt are inert to each other, bul the Sn-Pt system 
is extremely reactive even at temperatures lower than 100 °C, having a wide mutual miscibility 
range and creating about five intermetallic phases. In spite of its reactive nature, the Ti/Pt/Au 
system is sufficiently thermally stable throughout the relevant chip bonding cycle to allow its use in 
the bonding of optoelectronic devices. 

The AuSn system has the rare particularity that the melting point of the eutectic is higher 
than for one of the constituents (Sn melts at 220 °C), which makes possible the solder formation 
process with a multilayer system, described in the next paragraph. Essentially, it is possible to have 
the metals deposited not as an eutectic homogenous composition, hut as different layers of Au and 
Sn, with controlled thicknesses, since first Sn is going to melt beneath the Au protection layer and 
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4.3. AuSn mounting on silicon submounts 

then is going to incorporate the required amount of gold from the gold deposited silicon heatsink 
and from the device metallisation in the process of bond formation. 

4.3.2. Results 

The basis of the results concerning AuSn mounting and the following steps for completing 
mounting (silicon on copper and copper on package), which are presented below, consists of 
valuable advice given by dr. J.J.M. Binsma and coworkers, from Philips Optoelectronic Centre. 

Although we also tried a multilayer system with total thickness of 10 µm (with more gold 
than needed for eutectic) and this process worked well, here we present only the finally adopted 
solution, i.e. a multilayer system with a total thickness of 4 µm. 

The process consists of the following steps: 

1) Ti/Pt/Au (100 / 40 / 200 nm) metal evaporation on a low resistivity silicon wafer, both 
si des; 

2) Electrochemical deposition of a 2.2 µm thick layer of gold on the metallised silicon 
wafer, on the polished mirror-like surface, under 30 mA current flow at 40 °C. The surface 
roughness after this process is better than 0.2 µm. We use half of the 2" silicon wafer. 

3) Au/Sn/Au (30 nm/ 1.8 µm / 150 nm) metal evaporation on the surface obtained in step 2. 

It is worth noting that tin is very reactive with respect to 0 2, this reaction occurring even in a 
H2 atrnosphere, and that the resulting oxide layer on the surface prevents the formation of a good 
bond. Voids and nonuniform bonding occur if Sn is left unprotected at the surface. The last layer of 
gold is intended to proleet the multilayer system against oxidation. In this way, the resulting wafer 
can be used at least three months after deposition and probably the storage time is much Jonger. 

In an attempt to minirnise the interaction between Sn and Pt on the device, which could 
degrade the diffusion harrier properties of Pt, we deposited also 1.4 µm of Au on the laser diode 
wafer before cleaving. No problems related to cleaving were found. But the more simple process 
without this last metallisation on the device also works well, so we didn't pursue this further. 

After completing the metal deposition on silicon, a very important step is to make sure that 
there is some pressure applied between the laser device and the silicon submount, during the 
annealing step. This ensures the required positioning of the laser diode, but also a very intimate 
contact in the moments of solder formation, thus preventing the formation of voids due to the oxide 
layer that forms when Sn is exposed after melting even to the very small amounts of oxygen present 
in a H2 atrnosphere. Therefore we clamp maximum 20 devices in a stainless steel holder on their 
corresponding silicon submounts and place the holder in the RT A fumace, where a heat treatrnent of 
2 minutes at 320 °C, in a H2 / N2 (40 % / 60 %) atrnosphere is made. After this step, the percentage 
of devices mounted p-side down with good 1-V curves, i.e. no shortcuts, is better than 90 %. 

We then tried to estimate the quality of the bond. As seen in Fig. 4.6, we found that after 
forced removal of the laser diode from the submount, by breaking the GaAs device, we can see the 
remaining metallisation from the chip, which adhered firmly and uniformly to the submount. We 
can even see on the remaining metallisation the trace of the removed stripe. Testing under CW 
conditions using a large copper heat sink and T03 package indicates good heat removal up to 3000 
- 3500 A/cm2 operation current density even when devices are mounted p-down on silicon. 
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Chapter 4: Specific aspects of processing 

Fig. 4.6: AuSn metallisation on silicon submount after laser diode device 

removal by force (breaking the GaAs chip). 

4.4. Conclusion 

Repeated anodic oxidation for defining the stripe is used for the first time. Although anodic 
oxidation is a well known process for GaAs, very few reports are given in literature for Al,Ga1_,As. 
The material etch rate is significantly decreasing when the Al content x is increasing. Results 
conceming the material etch rate as a function of Al content and the etch profile for real laser 
structures grown on n .... substrates are reported. 

It is found that this rnethod offers an excellent etch depth control, with an accuracy of 20-30 
run for 1 µm total etch depth. Unfortunately, it can only be used for values of the stripe width larger 
than 10 µm, since the profile is Jargely underetched for GaAs/A~_60Gllo.ioA.s configurations as in 
laser structures. If only one material is etched, for exarnple GaAs, the profile is normal, i.e. the etch 
depth is approx. equal to the underetch. As soon as the interface Al0_60Gllo"oAs is crossed, the profile 
becomes largely underetched, probably as a consequence of the different material etch rate. Since 
the purpose of this thesis is to study large stripe width devices, this method is employed for stripe 
definition. 

As for AuSn mounting on silicon submounts, the method is widely used but since it was 
newly developed at TUE Electronic Devices laboratory, it is briefly described. 
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Chapter 5: Characterisation of the transvers al layer structure available aft er growth process 

Chapter 5 
Characterisation of the transversal layer stack available after 
2rowtb process 

5.1. lntroduction 

This chapter presents experimentally determined parameters that characterise the transversal 
layer stack after growth process. Threshold current density, differential efficiency and their 
dependence on device length are used to extract parameters such as the intemal absorption 
coefficient and intemal efficiency. Then, the COD level is measured for uncoated devices. Different 
types of unconventional structures are investigated: both symmetrie as well as asymmetrie, with a 
large optical waveguide or having a separate optica! trap layer. 

5.2. Threshold current density and differential efficiency. Tempera/ure dependence. 

5.2.1. Threshold current density and differential efficiency 

In this section the behaviour of various types of low confinement structures wil! be 
presented, both symmetrie and asymmetrie. We may further divide the category of asymmetrie 
structures into two types, i.e. type I, having a thick asymmetrie waveguide of typical dimensions 
around 1 µm and type II, in which the low confinement is achieved by trapping the optica! field in a 
special layer, next to the active region. We call this special layer 'optica! trap layer'. The optica! 
field and refractive index profiles for three representative types mentioned above are presented in 
Fig. 5.1. 
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Fig. 5. l : Refractive index and optica! profile in the symmetrie and asymmetrie structures 
as a function of transverse coordinate d 
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Chapter 5: Characterisation of the transversal layer structure 

5.2.1.1. Symmetrie structures 

We have studied the characteristics ofthree symmetrie structures: 

1) SQW 6 nm active region (Fig. 5.2 a, b) 

2) SQW 8 nm active region (Fig. 5.3 a, b) 

3) DQW 2 x 5.5 nm active region (Fig. 5.4 a) 
The layer sequence is given in tables l - 3, in Appendix B. 

In all cases the lower confinement is achieved by extending the field in the lateral direction 
up to the limits of 3 µm, imposed by practical reasons such as uniformity and growth time, 
described earlier in Chapter 1. We tried first to use a single, relatively thin, quantum well in order to 
obtain a low threshold current. As shown below, this was not the case. The values of the threshold 
current density were unexpectedly large due to inefficient carrier capture in the QW. We then tried a 
single thicker quantum well and a double thin quantum well active region. The threshold current 
density is lower for a SQW 8 nm active region than for a 6 nm SQW active \ayer, but still larger 
than the ideal value of 300 - 400 A/cm2• Structure 3, with two relatively thin quantum wells in the 
active region and with thin harrier layers has the largest threshold current density. It seems that 
carrier capture in the QW, specially for relatively thin QW's, is strongly dependent on the 
configuration of the harrier layers. 

The following table summarises the results. 

Table A: Results on symmetrie structures 

Type Symmetrie GaAs 

SQW 6nrn 

Type of growth MBE 

Structure 1 

Threshold current 800 (5 mm) 
density [Alem'] 1200 (3 mm) 

(L (mm)) Fig. 5.2 a), b) 

Pulse width 100 ns 

~ 2000 

Symmetrie GaAs Symmetrie GaAs 

SQW &nm DQW 5.5 nm 

MBE MBE 

2 3 

700 (3 mm) 2000 (3 mm) 

900 (1 mm) 4500 (!mm) 

Fig. 5.3 a), b) Fig. 5.4 a) 

500 ns 2-5 µs 

... 
" 3 c 

" experlmental data () ü <: :: . \. ~/- 0 ~1600 " ~ 
~ Ä~-~ ïii 2 

c: c 
~ 1200 ~ computed data 
~ " :i:: 

~ 800 :c 
:s " () -5 
~ 

400 ö 0 
~ " absorption coefflclent • 1.1 cm·1 1/) " ~ ii 
~ 

00 > 0 1- 2 3 4 5 .E 0 2 3 4 5 6 
L (mm) L(mm) 

Fig. 5.2: a) Plot of the threshold current density as a Fig. 5.2: b) Plot of the inverse of the differential 
function of device length for the 830 nm 6 nm efficiency as a function of device length 
SQW symmetrie structure. Stripe width 100 µm. for the same structure as in Fig. 5.2 a) 

Structure l (Fig. 5.2 a, b) has rather high values of the threshold current density, i.e. 1200 
A/cm2 for 3 mm and 800 A/cm2 for 5 mm long devices, respectively. The stripe width was 12 µm. 
This is to be compared with values of 300 - 400 A/cm2 for standard GRIN heterostructures 
operating at the same material gain. As mentioned in section 3.2, classica! computations that assume 
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5.2. Threshold current density and di.fferential efficiency. Tempera/ure dependence 

equilibrium between quasi-Fermi levels in the QW active region and the neighbouring harrier layers 
can not explain this behaviour [!]. A reasonable fit with the experimentaJ data for all cases studied 
here, i.e. symmetrie and asymmetrie structures can only be obtained if we assume that the carrier 
capture/escape process within the QW is less efficient, thus leading to higher populations in the 
harrier layers. 

Under these conditions, we have large leakage currents into the harrier layers and sometimes 
even in the p-confinement layer. Probably, the small difference in Al index composition between 
the harrier and confinement layers and the relatively thin QW region do not provide the efficient 
capture that we find in usual GRIN structures. The threshold current is so large, that even the 
differential efficiency is lowered, so that the apparent intemal efficiency is only 50 % (see section 
3.2.2). Nevertheless, if we use the fit mentioned before, we see that a very low value of the 
absorption coefficient can be extracted, i.e. a. ~ 1.1 cm·1• 

If we keep a similar configuration of the confmement regions but we increase the thickness 
of the active region to 8 nm (structure 2, Fig. 5.3 a, b), the threshold current density shows a 
significant improvement, i.e. values of 800 A/cm2 for 50 µm wide stripe, gain guided devices and 
600 A/cm2 for 12 µm stripe, weakly index-guided laser diodes are measured, respectively. The 
device length is 2 - 3 mm. 
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Fig. 5.3: a) Plot of the threshold current density as a 
function of device length for the 850 nm 8 nm 
SQW symmetrie structure. Stripe width 100 µm. 
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Fig. 5.3: b) Plot of the inverse of the differential 
efficiency as a function of device length for the 
same structure. 

This unusual difference of the measured threshold current density between large and 
medium stripe widths is related to lateral behaviour of the beam which is going to be analysed 
extensively in Chapter 6. We only point out here that, contrary to what we expected, the values 
corresponding to gain guided, large stripes are larger than those corresponding to medium stripe 
width, weakly index guided devices. For this structure, we measured also better values of the 
differential efficiency, i.e. we now have a nonna! value of the apparent internal efficiency, about 
100 %. Unfortunately, this wafer has nota good uniformity and the measured absorption coefficient 
is as large as 7.4 cm·'. 

We then tried to see if the use of a DQW of 5.5 nm (structure 3, Fig. 5.4 a) instead of 8 nm 
SQW (structure 2, Fig. 5.3) as wel! as a 60 nm grading instead of a simple step waveguide might 
improve these values. The result is that again, the threshold current density is much larger than in 
the case of the simpte SQW 8 nm structure, approx. 2000 - 4000 A/cm2, depending on device 
length. Nevertheless, the structure is highly uniform and the differential efficiency is better than for 
the Jatter. The values are not presented here, because we had only gain-guided devices and in this 
case the optica! pulse shape is highly irregular, as it is going to be discussed in Chapter 6. 
Nevertheless, it is worth mentioning that probably the value of the absorption coefficient is around 
1 cm·'. This last estimation was made by comparing the relative efficiency of 0.5 mm and 3 mm 
long devices, but calibrated measurements were not made because of the large value of the 
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Chapter 5: Characterisation of the transvers al /ayer structure 

threshold eurrent density so that we foeused on studying struetures with better threshold eurrent 
perfonnanee. 
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Fig. 5.4: a) Plot of the threshold current density 
as a function of device Jength for the DQW 
2 x 5.5 nm symmetrie structure. Stripe width 16 µm, 
gain-guided. Wavelength 825 nm. 

Fig 5.5: a) Plot of the threshold current density as a 
function of device length for the SQW 8 nm 
asymmetrie structure. Stripe width 8 µm, weakly 
index-guided. Wavelength 850 nm. 

To sumrnarise the study of these symmetrie struetures and making the eorrelations with the 
next asymmetrie ones, it seems that the most important problem is to optimise the quantum 
earrier/eapture proeess in the aetive region, using the best suited eonfiguration of the eonfinement 
and harrier layers. 

5. 2.1. 2. Asymmetrie structures 

The layer strueture is given in Tables 4 - 8 in Appendix B. 

As described in Fig. 5.1, two types of asymmetrie struetures are presented. For type 1, we 
have a 6 nm SQW GaAs I AIGaAs and a 6 nm SQW I.1\>.iG<1o.sAs strueture, both having large 
waveguides (Table 4, 5). As for type II, we are going to present one 8 run SQW strueture without 
any eonfinement next to the aetive region, a 8 run DQW strueture with moderate grading, both in 
the GaAs I AIGaAs system (Table 6, 7, 8) and a 6 nm DQW strueture with nonnal grading in the 
lnGaAs I AIGaAs system. The following table sumrnarises the results. 

Table B: Results on asymmetrie struetures 

Strueture Asymmetrie Asymmetrie Asymmetrie Asymmetrie Asymmetrie 

type lno.20Gllo.s~S GaAs GaAs GaAs Ino. 20G<1o.8~s 
SQW6 run SQW 6 run SQW 8 run DQW8run DQW6run 

(type 1) (type I) (type Il) (type Il) (type Il) 

Growth MOCVD MBE MBE MBE MOCVD 

Strueture 4 5 6 7 8 

Threshold 1200 (1 mm) 6000 (1 mm) 4000 (1 mm) 1800 (0.75 mm) 400 (\ mm) 
eurrent 
density 

900 (3 rrun) 2500 (5 mm) 2500 (3 mm) 900 (3 rrun) 250 (3 mm) 

[A/em2] 
Fig. 5.6 a), b) Fig. 5.5 b), e) Fig. 5.5 a) Fig. 5.7 a), b) Fig. 5.7 e), d) 

(L [mm]) 

Pulse width 100 ns 100 ns 1-3 µs 5-10 µs 5-10 µs 
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5.2. Threshold current density and differential efficiency. Temperature dependence 

In parallel with symmetrie structures we tried to study asymmetrie structures with the same 
configuration of the active region, in order to evaluate the causes of the large values of our threshold 
current densities in the first designed structures, using only the classica! drift-diffusion model 
presented in Chapter 3. For example, structure 4 has a similar active region configuration as 
structure 1. The same comment holds for structures 2 and 6. In these cases the threshold current 
density for symmetrie structures was significantly larger than expected from classica! drift-diffusion 
modelling. The corresponding asymmetrie structures had even higher values of the threshold current 
density. We attribute this effect to less efficient carrier capture in the QW region which gives 
unwanted recombination within the harrier and confinement layers in symmetrie structures. In 
addition to that, recomhination within the optica! trap layer for asymmetrie structure of type II or 
within the large waveguide for asymmetrie structure of type 1 occurs. These additional features in 
the asymmetrie structures, i.e. the optica! trap layer for type II and the large waveguide layer for 
type 1, used to lower the confinement factor are very sensitive to carrier leakage outside the QW or 
to inefficient carrier capture within the QW. Because they have a lower bandgap compared with 
confinement and / or harrier layers they act as recomhination regions. 

For type II structures, if no special layer configuration is added nearby the SQW 8 nm 
active region (structure 6, Fig. 5.5 a), the leakage in the optica! trap layer is significant at room 
temperature, i.e. the threshold current density is in the range 2000 - 4500 Ncm2 for 1 - 3 mm long 
devices. The uniformity of this wafer is not very good, so that data regarding the differential 
efficiency are not presented, but it can be pointed out that 3 mm long devices show about twice less 
power than 1 mm long ones, for the same current increase, so that the intemal absorption coefficient 
must have a high value. 

As mentioned above, in the asymmetrie structures, the effect of inefficient carrier capture in 
the QW is more pronounced and shows up as a considerahle increase ofthreshold current densities, 
because of the Jarger dimensions of the waveguide for type I structures, i.e. 1 µm and because of the 
presence of the enhanced recombination in the optica! trap in type Il structures. For example, in the 
case of the 6 nm SQW (structure 5, Fig. 5.5 b), c) type I GaAs / AlGaAs wafer, the threshold current 
density is in the range of 1.7 - 6 kNcm2, for 1 - 5 mm Jong devices. 

>-
~6400 

(.) 4 c 

" 0 (j 

? :: 
" 3 ~4800 :!! Cii 

c: ë 
" " " êD 2 "'3200 :: 
~ 'ti 
:J " 0 = 
~ 1600 ö 
0 

" .r:: 

"' ~ 
~ " 0 .r:: 

00 
> 

f- 2 3 4 5 .E 0 2 3 4 5 

L (mm) 
L(mm) 

Fig. 5.5: b) Plot of the threshold current density as a Fig 5.5: c) Plot of the inverse of the differential 
function of device length for the 830 nm 6 nm efficiency as a function of device length for the 
SQW asymmetrie structure. Stripe width 100 µm. same structure as in Fig. 5.5. b) 

This is to be compared with 800 - 1900 Ncm2 for the same Jength range for a similar 
symmetrie structure. An explanation can be given if we imagine that the 1 µm large waveguide 
needs an unusually large value for the carrier density in order to inject the required threshold carrier 
density in the QW, which immediately translates into a very significant leakage current to this layer. 
The threshold current density is so large, that even the differential efficiency is degraded, as 
described in section 3.2.2. 
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The values of the threshold current density for the similar InGaAs/ AlGaAs 6 nm SQW 
(structure 4, Fig 5.6 a, b) are much lower, hut still appreciable: 900 - 1200 A/cm2 in the length range 
of 1-3 mm. This can be due to the more efficient process of canier capture in this case, with higher 
values for the baniers seen by caniers escaping the QW. 
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The type II DQW 8 nm asymmetrie wafer (structure 7, Fig. 5.7 a, b) has a much better 
behaviour: the current density exhibits an important decrease to values of 900 - 1800 A/cm2 (device 
length 0.75-3 mm), values measured on 13.5 µm wide stripe, weakly index-guided devices and the 
differential efficiency is comparable with usual laser diodes. The wafer is vèry uniform. The 
relatively low value of the confinement factor of the 8 nm active region, which is only 7.5 x 10·3 is 
to be noted. The extracted value of the absorption coefficient is as low as 1.4 cm·' and the apparent 
intemal efficiency is as good as 90 %. Although CW operation can be tried in these conditions, the 
leakage current is still important, as deduced from the temperature dependency of the threshold 
current. It is worth also to mention that values of the threshold current density measured for 50 µm 
gain-guided wide stripes are 1400 A/cm2 for 1 and 1.5 mm long devices and only 1100 A/cm2 for 
13.5 µm wide stripe, weakly index-guided laser diodes, without any correction for lateral current 
spreading. This effect is going to be explained further in Chapter 6. 
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A remarkable improvement is obtained using a similar type II structure with a 6 run DQW 
I11o.20Gf!o.80As active region (structure 8, Fig. 5.7 c, d). The values of the threshold current density are 
as low as 250 A/cm2 for 2.5 mm long devices and 400 A/cm2 for 1 mm length. Lateral index
guiding is relatively streng, i.e. An.1 = 4 - 5 x 10·3 and the stripe width is 12.5 µm at the bottom. 
There are three main modifications relative to structure 7: the graded layer is going up to 
composition index x = 0.6 instead of x = 0.5, the active region consists of I11o 20Gaa.80'~s instead of 
GaAs QW's and the composition index of the optica! trap layer is increased to x = 0.30 instead of x 
= 0.20. First two improve the carrier capture/escape process while the second decreases the 
recombination current density associated with the presence of the optica) trap layer. The intemal 
efficiency is as goed as 95 %. Although the wafer was grown by MOCVD, the value of the 
absorption coefficient is excellent, i.e. about 1 cm·1• 

This structure is the target of our initia! design. As a resull of improving the layer 
configuration surrounding the active region as shown above, we clearly proved that the low 
confinement concept using asymmetrie structures is a goed choice for designing high power laser 
diodes. 

5.2.2. Temperature dependence of the threshold current 

5.2.2.1 Measurements at room tempera/ure 

As shown in section 3.4, in genera! the threshold current density variations with temperature 

in the range 10 - 80 °C is described using the empirica) formula: J = 10 ·er, , where T0 is a 

parameter extracted after fitting with the experiment. The devices perforrn better (are more stable) if 
the value of T0 is larger. The differential efficiency variation over this temperature range is small, so 
usually it is not taken into account. The norrnal tendency towards high temperature is a decrease of 
the efficiency which is attributed to the increase of free carrier absorption. For even higher 
temperatures the intemal efficiency decreases markedly, the physical reasons for this behaviour not 
being very clear at the present time. Amore complete theoretica! description is given in section 3.4. 

In our devices, specific features are found in weakly index guided devices. We are going to 
refer here first to the case of the 6 nm SQW symmetrie structure 1. A typical experimental fit is 
given in Fig. 5.8 a). 

For 60 µm wide stripe devices, the measured values of the threshold current density for 
different device lengths are given in the following table: 
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Table C: values of the T0 parameter for 60 µm wide stripe devices 

Device length (mm) Threshold current density (Ncm2) To (K) 

2.0 1536 90 

2.5 1227 98 

5.0 800 95 

The differential efficiency of the 5 mm long devices dropped by 10 % as the temperature 
increased from l 5°C to 60 °C. These results are in agreement with previous reported results on 
relatively thin QW structures [2]. 

The experimental results for narrower gain-guide stripes, i.e. 10 µm, showed the same 
feature, a decrease by 10% of the differential efficiency at 60 °C, compared with 15 °C, in the case 
of 5 mm long devices hut the values of the threshold current density were higher than expected from 
values obtained on large stripe devices. The T0 values were higher, also. The measured values are 
given next: 

Table D: values of the T0 parameter for 10 µm wide stripe devices 

Device length (mm) Threshold current density (Ncm2) T0 (K) 

l 6451 225 

2 5300 237 

3 4125 242 

5 2760 230 

These devices were AR/HR coated and we obtained an output power as high as 6.5 W before 
catastrophical degradation for a L = 3 mm long laser diode, measured under very short pulsed 
conditions ( 100 ns pulse width / 1 kHz repetition ra te). 
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The ridge depth was designed to obtain a very small difference between the effective 
refractive index in the stripe region and in the neighbouring regions, i.e. ön•ff = 3 x 104 . The ridge 
etch was done by a wet chemica! method, wh.ich allows for a poor control of the etch depth. As a 
result, the lateral far field was @112 = 5°, hut was stable only until about 200 mW. We can explain the 
quite abnormal result regarding the T0 parameter as following: in our devices, the threshold current 
density can increase by a factor of more than two for small stripe devices in comparison with large 
stripe laser diodes because of the mismatch between the optica! field profile and the one 
corresponding to injected carrier density (gain profile) along the stripe width (see Fig. 5.8 b, c, d). 
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Fig. 5.8: Dependence of carrier density at threshold and of the optica! field on lateral coordinate for 
different values of the built-in index-guiding 

At room temperatures, T0 values of 270 K were measured for the DQW 2 x 5.5 run 
symmetrie structure devices having the length L = 1.5 mm and the stripe width w = 8 µm. 

For the DQW 2x 8 run asymmetrical type II structure, the measured T0 parameter was 190 K 
fora 0.78 mm long diode and 300 K fora 3 mm long one. In both Jatter cases the devices were 
weakly index guided and the stripe width was 13.5 µm. 

In genera!, the higher value of T0 , the better, hut in our case a higher T0 does not reflect a 
lower leakage, but rather a different nature of increase in threshold current density: the gain in the 
centra! regions of the stripe has to increase in order to compensate losses in the outer regions, where 
the optica! field extends appreciably due to weak index guiding or gain guiding, hut which are less 
pumped and then exhibit larger losses (Fig. 5.8 c). As a consequence, for weak:ly index-guided 
devices, an important part of the threshold current density, as large as 50 %, may be due to 
spreading in the lateral direction, in regions outside of the stripe width where values of the canier 
density are significantly lower than inside the stripe width. Thus, the temperature dependence ofthis 
component of threshold current is less than the component within the stripe region. Since spreading 
may account for 50 % of the total threshold current, the apparent T0 may be larger. 

5.2.2.2. Low tempera/ure measurements 

In order to find some evidence of the physical mechanisms responsible for the high values of 
the threshold current in our devices, we performed measurements at low temperatures as wel!. We 
found some non-usual results, as shown in Fig. 5.9 - 5.11. Let us first discuss the case of the 
symmetrie DQW 2 x 5.5 run structure (Fig. 5.9 a, b). The device length was 1.5 mm and stripe 
width 8 µm. It was a gain guided device. First, we notice that the differential efficiency is not 
constant in the temperature range 77 - 300 K, and that it is lower at lower temperatures. Then, we 
see that, although they do not form a straight line, the experimentally measured values of threshold 
current density arrange themselves on a line that goes through zero, if extrapolated towards zero 
temperature. Deviations are probably due to changes in differential efficiency. The same behaviour 
is exhibited by the 16 µm wide stripe, gain guided devices. It is also worth noting that, in spite of 
the large value of the threshold current density, i.e. approx. 2500 A/cm2, there is no sign of the 
classica! leakage which produces an exponential increase at high temperatures. This might also 
support the conclusion that the canier population which is involved in the canier leakage is not 
determined by a classica) !eakage mechanism into the baniers, hut rather by a quantum origin 
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process, i.e. increased carrier density in the harrier and confinement layers due to inefficient carrier 
capture, as in section 3.3.2. 
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The behaviour of the DQW 2 x 8 run type II asymmetrie structure is more surprising. Fig. 
5.10 a) - d) present results fora 3 mm long laser diode and Fig. 5.11 a) - c) fora 0.78 mm long one. 
In both cases there were weakly index guided devices, having a stripe width of 13.5 µm. 

We first notice that the differential efficiency decreases by a factor of two at low 
temperatures, compared to 300 K and the highest values are found at 60 °C (not shown). This 
tendency is similar to the one described for the symmetrie structure. The behaviour of the threshold 
current is completely different. There is a maximum of the threshold current, around 150 K. Also, if 
we extrapolate the dependency towards zero temperature with a straight line, this line does not go 
through zero any more. The lasing wavelength (see Fig. 5.10 c) does not show any abrupt change in 
this temperature range. 

This unexpected behaviour can be related to the nature of leakage current in this type II 
asymmetrie structure. It is probably due to recombination in the optica! trap layer and even if the 
leakage is much lower than in other asymmetrie structures, it is comparable or somewhat higher 
than the current due to recombination in the active region. As was shown in (3], as the temperature 
decreases, the Shockley-Reed-Hall (SRH) recombination rate increases significantly. A model is 
presented in (3] that predicts the negative temperature dependence of the SRH coefficient in a 
simpleway. 
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This model assumes that the physical mechanism of SRH is trapping of electrons from the 
conduction band by empty acceptor ions in the band gap. The analysis reveals that as the 
temperature decreases, the reduction in electron momentum increases the effectiveness of the 
acceptor ions as traps. It is likely that if the recombination in the optica! trap layer becomes much 
larger than recombination in the active region, even the differential efficiency might be affected by 
the process. Another possible mechanism is carrier heating as a consequence of increasing of the 
harrier to carrier transport in the vicinity of the active layer as T is reduced [14]. However, this 
effect should be present for symmetrie structures also. An unambiguous explanation could not be 
provided on the basis of the present data, further investigation being needed. 

5.3. Series resistance 

Besides threshold current density, series resistance is an important parameter for CW 
operation of laser diodes, since it also determines the amount of heat to be dissipated by the heat 
sink. For efficient laser diodes, having low values of the threshold current density, the maximum 
current density for CW operation before thermal roll-over occurs is about 4000 A/cm2 [4, 7], 
depending on the series resistance and on mounting quality. 

For a laser diode device below threshold, the carrier density in the active region increases 
with injection current. When the threshold level is attained, the carrier density is pinned and a 
further increase of the voltage is due to the series resistance of the device. Usually, the most 
significant part of it is due to the p-doped Al,Ga1.,As confinement layer. P-type layers exhibit 
carrier mobility as low as 100 cm2Ns at moderate doping levels. In our asymmetrie structures, the 
design is such that the optica! field is spread mostly in the n-confinement layer, where the free 
carrier absorption coeffi.cient is lower and the carrier mobility has higher values. Tuis allows for the 
p-confinement layer to be thinner than usual. It is to be mentioned that the electron mobility has a 
significant drop in the indirect bandgap range of values for the Al content x, when the X valley is 
more populated than the r valley. For example, the mobility is 4000 cm2Ns for x = 0.20, 1500 
cm2Ns for x = 0.35 and only 600 cm2Ns for x = 0.40. 

Series resistance is a parameter of concern in our structures, especially since we use lower 
doping levels in order to minimise the absorption. That is to say, we keep the doping low in the 
regions where the optica! field is large and increase the doping in the outer regions. As shown in 
Chapter 3, when the doping level is low, the current conduction is achieved by the injection of 
carriers, either in the harrier or in the optica! trap layers, sometimes for va!ues of the carrier density 
above the initia! doping. As we have electron injection as well as hole injection and usually the 
optica! trap layer is n-doped, values of series resistance in our structures should not be higher than 
in normal ones, if the p-type confinement layer is doped as in usual devices. Very low series 
resistance devices which exhibit very low values of the absorption coefficient of l cm·1, from 
symmetrie structures, are also reported by other groups in [6, 9] for Al free 980 run laser diodes. 

In this section, we are going to compare the series resistance of our devices for two 
GaAs/AlGaAs wafers: the 2 x 5.5 nm DQW symmetrie structure 3 and the 2 x 8 run DQW 
asymmetrie structure 7, as in Tables A and Bin this chapter and also Appendix B. 

The symmetrie wafer has two 3.1 µm thick A'1i.38Gllo.62As confinement layers. The first 0.6 
µm of each are undoped, and the rest of 2.5 µm are 5 x l 017 cm·1 p-type, respectively n-doped. The 
asymmetrie structure has al µm thick 5 x 1017 cm·1 p-doped confinement layer. 

Fig. 5.12 presents a typical plot of an I-V characteristic for a 2 mm long device from the 
DQW 8 run asymmetrie structure 7, with a stripe width of 13.5 µm, defined by repeated anodic 
oxidation in such a manner that the size of the ridge at the top is only 5.5 µm (see Fig. 4.3). The 
extracted specific resistance for more values of the device length is presented in Fig. 5.13. 
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We have also measured the series resistance for 6.5 µm wide stripe devices for the 
asymmetrie structure, when the stripe is defined by wet chemica! etching in a more precise manner. 
The series resistance is about twice the value for devices with 13.5 µm wide stripes defined by 
repeated anodic oxidation. From this, we can conclude that the series resistance is around 2 x 10-4 
n · cm2, being mainly determined by the layers inside the structure and not by the TiPtAu / p ++ GaAs 
ohmic contact resistance. For the DQW 2 x 5.5 nm symmetrie structure, the values of the specific 
resistance are 1.5 times higher than for the asymmetrie one, i.e. 3 x 10-4 n · cm2, probably due to the 
thicker p-confinement layer. 

These values are comparable with those of usual laser diodes in the GaAs/AIGaAs system 
[5, 6]. 
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5.4. Catastrophical optica/ damage (COD) of the mirror facet 

5.4.1. Introduction. Mechanisms of COD degradation 

As shown in Chapter 1, ifthe operation current density is below about 4000 Ncm2 and thus 
thermal rollover does not occur, COD degradation of the mirror is the main limitation in the high 
power regime. With respect to this matter, AR/HR mirror coatings have a beneficia! contribution in 
two ways: first, the power which exits both windows (half each) for uncoated devices is now 
available at the front, i.e. AR coated facet only, which practically doubles the available output. 
Second, the limit of COD degradation is significantly improved, with a factor of 2 - 3, depending on 
the facet coating quality [1 O], because the facet is protected from being exposed to atmosphere, as it 
is going to be discussed also further. Typical values of the AR/HR coatings are 10/90 %. The total 
differential efficiency, for both mirrors is the same as for uncoated mirrors (30%) but practically all 
the power is available at the front facet, as mentioned before. 

In AIGaAs laser diodes, facet degradation is caused by facet oxidation enhanced by emitted 
light [10]. In an oxygen containing atmosphere, an oxide film grows as a result of oxidation reaction 
and mass transport of the element through the oxide film. In most oxides of III-V compound 
semiconductors, oxides of the III-element and V-element are formed individually. At the interface 
between oxide and semiconductor, some kinds of defects such as vacancies are left, because the 
element of semiconductor is nonuniforrnly removed and oxidised. Thus, facet oxidation can also be 
considered as an injection process of defects into the active region. Those point defects become the 
origins of dislocation loops and networks, showing non-radiative recombination enhanced defect 
motion. The temperature increase at the facet introduces a reduction of the band gap energy and an 
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increase of the absorption coefficient at the facet. The amounts of absorbed light and photo-induced 
electron-hole pairs are increased by the increase in the absorption coefficient. When the temperature 
rise at the facet exceeds the melting point of the crystal, catastrophic damage occurs and the light 
output power suddenly decreases. The melting point of GaAs , 1500 K can be reached within 100 ns 
for a light output power density of 5 MW/cm2• The COD occurs under pulsed as wel! as de 
operation, hut the limit corresponding to very short pulse conditions (100 ns) can be as much as 6-8 
times larger than for CW operation, due to reduced heating. 

There are more mechanisms responsible for the growth of the oxide. A reaction limited 
oxidation gives a linear dependence between the growth thickness and time, and is generally valid at 
the initia! stage of oxidation. The other mechanisms are limited by transport process wîthin the 
oxide film. The dîffusion limited case is govemed mainly by the parabolic law. At room 
temperature, the corresponding oxidation law is logarithmic or cubic. Under those oxide laws, the 
growth rate of semiconductor oxide film is enhanced by light irradiation if the energy of light is 
equal or larger than the band-gap energy of the semi conductor [ 1 O]. 

The growth rate increases in proportion to the intensity of the irradiated light. The most 
promising current model is that break.ing bond (or dangling bond) fonnation as a result of electron
hole pair generation by light irradiation plays an important role in the enhancement of the oxidation 
rate. The transport of the elements that take part into oxidation is not directly enhanced by photons 
and the transport mechanism of the element is not very different from the thennal oxidation case in 
the atrnosphere [ 1 O]. 

At each temperature, semiconductors composed of As as a V group element tend to be 
oxidised easier compared with phosphorous containing material. The oxides of As are 
thennodynamically less stable than those of P and the transport of As is easier than that of P in the 
oxides of Ga and In. In addition to this trend, temary and quatemary compound semiconductors 
have low rates of oxidation compared with their constituent binary materials. 

In 980 nm strained IJ\i.20Gao.soAs QW lasers [10], strain is accommodated by a lattice 
mismatch. After COD, Auger profiles prove that there is oxidation at the facet and the rate of 
oxidation is estimated to be over one order of magnitude higher than that of lattice-matched 
InGaAs/InP lasers lasing at 1.55 µm. In contrast, the inner region is quite stable and dark defects as 
DSD (dark spot defecs) and DLD's (dark line defects) are rarely observed during operation. The 
degradation in the InGaAs/GaAs strained quantum well structure is only slightly in.fluenced by the 
defects and the growth rate of dislocations may be qui te low. 

There is a strange situation in this type of laser diodes. In GaAs/ AIGaAs optica! devices, 
defects strongly in.fluence the degradation at the mirror facet as well as in the inner regions. 
Roughly speaking, these degradations result from the nonradiative recombination at the defect. In 
contrast, InGaAsP/InP optica! devices are not sensitive to the existence of defects, and facet 
oxidation and dark defect generation are rarely observed. InGaAs/GaAs strained QW lasers show 
an intennediate situation, that is, facet oxidation together with stability in the inner regions. The 
question arises which factor triggers facet oxidation ? An answer can be obtained by considering the 
spatial distribution of strain. The strained InGaAs QW lies under uniform biaxial compressive 
stress, with components parallel and perpendicular to the mirror facet equal in amplitude. However, 
the strain perpendicular to the facet becomes zero at the facet because the facet is free to relax in 
this direction. The band-gap reduction due to relaxation of the stress is about 38 meV, producing an 
absorbing region at the facets and this light absorption enhances facet oxidation [ 1 O]. Hence, the 
facet oxidation mechanism in InGaAs/GaAs strained QW lasers is quite different from that of 
GaAs/AIGaAs lasers, although facet oxidation occurs in both cases as a result ofoperation. 

COD values for InGaAs/InGaAsP/InGaP Al free, coated laser diodes seem to be similar to 
those corresponding to InGaAs/AJGaAs facet coated lasers, indicating that the 
cladding/confinement layer materials do not affect COD [6]. The maximum values of power output 
before COD are around 10 - 14 mW/µm for both GaAs/AIGaAs [11] and InGaAs [5], for uncoated 
devices and usual transversal layer design of the wafer. Using coatings, these values can be doubled 

71 



5.4. Catastrophical damage of the mirror facet 

to 20 mW/µm (12, 7] and by further optimisation of coating using ZnSe, which has a lattice 
constant closer to GaAs, values as high as 30 mW/µm can be reached. 

Using a similar approach with the one studied in the present thesis, but with symmetrie 
structures, i.e. spreading the optica! field as much as possible in the transversal direction (increased 
spot size), record power outputs of 80 mW/µm on coated devices were achieved by Botez et al. (6], 
which means an increase by a factor of2.7 compared to nonna! structures. 

5.4.2. Experimental results obtained in the present work 

a) Uncoated devices, DQW GaAs / A/GaAs asymmetrie structure with 8 nm quantum wells 

We studied COD level for uncoated devices, for the DQW 2 x 8 run asymmetrie structure, 
since it exhibits relatively low values of threshold current density and series resistance. Devices 
were mounted p-side down on silicon submounts and then on copper heatsinks. No special 
precautions were taken to keep the temperature of the copper heat sink constant. Since these are not 
optimum conditions for CW operation, we studied the COD degradation output power under pulsed 
conditions (12 µs / 1.2 ms). According to (10], the measured COD output power should be very 
close to the CW value, for uncoated laser diodes. Devices having 13.5 µm wide stripe defined by 
repeated anodic oxidation and 6.5 µm wide stripe defined by chemica! etching in citric acid solution 
were investigated. Typical L-1 curves show considerable kinks at injection levels corresponding to 
severe distortions of the optica! pulse width, as shown in the previous paragraph. The best results 
are presented in Fig. 5.14 a), b). 
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Fig. 5.14: b) L-I curve fora 13.5 µm wide 
stripe device, L = 1.5 mm, uncoated. 

The COD levels were 250 mW (38 mW/ µm) and 460 mW (34 mW/ µm) for the 6.5 µmand 
13.5 µm wide stripe devices, respectively. These values area factor of 2.7 - 3 times larger than 
values reported for uncoated devices on structures with usual values of the confinement factor and 
comparable to the record values reported for symmetrie, lower-confinement InGaAs Al-free 
structures, if sealing for considering that the devices are uncoated as in (6]. We use here the ratio 
output power/ stripe width P / w because, as seen from (1 .1) in Chapter J and below, this parameter 
characterises the capabi lity of a certain transversal layer structure to support high power operation. 

p P; ; = d where P; is the critica! power density which is constant for a certain material 

r 
system, while the spot size !!:__ characterises the transversal layer structure. 

r 
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b) Coated devices, 6 nm symmetrie SQW. very short pulsed conditions 

Coated AR/HR w = 10 µm wide stripe, L = 3 mm long devices, operated in very short 
pulsed conditions (100 ns/1 ms), exhibit 6.4 W power output before COD. If we scale this value to 
CW operation (a factor of 6-8 lower), we obtain 80-110 mW/µm, which is in good agreement with 
values reported for CW operation in [6], for structures with low-confinement factors, and a factor of 
2.7 times better than for usual nonoptimised symmetrie configurations. The devices were weakly 
index-guided and the etching was performed using repeated anodic oxidation. 

c) CW operation of uncoated devices having the DQW InGaAs/AlGaAs asymmetrie structure 
no. 8 

Using the technology recently developed at TUE of mounting devices on copper using In as 
a solder, CW operation was tried for devices from structure 8. This structure meets all the 
requirements of the low confinement concept and is the target of our design since it has a good 
value of the threshold current density, i.e. 250 - 400 A/cm2 and a very good value of the absorption 
coefficient a ,., l cm·'. Thus, we can use long devices with a reasonable differential efficiency. The 
results are presented in Fig. 5.15. The maximum output power before COD is 1.8 W per facet, 
which means about 35 mW/µm. This is to be compared with a COD limit of 14 mW/µm for a 
conventional symmetrie structure in the same material system [13]. It represents a 2.5 times 
improvement which is in good agreement with the ratio of the spot size for the two cases. For our 
asymmetrie structure the spot size d/Fis 0.8 while for a conventional structure optimised for low 
threshold this value is about 0.3 µm. The ratio is 2.7. The COD value is also in good agreement 
with values estimated from measurements of other asymmetrie structures in pulsed conditions, as 
shown above. 
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Fig. 5.15: Output power (each facet) , wall-plug efficiency and voltage dependencies on injected 
current for CW operation of a 2 mm long, 50 µm wide stripe device from 

the InGaAs/A!GaAs asymmetrie structure with optica! trap layer. 
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5.5. Conclusion 

5.5.1. Threshold currenl density and differentia/ efficiency 

Since we use here QW structures, expected values of the threshold current density are in the 
range 300 - 500 Ncm2, if classica! drift-diffusion models where the QW active region is in 
equilibrium with the harrier Jayers are used for modelling. Measured values are significantly larger, 
in both symmetrie and asymmetrie structures. For structures with very large values of threshold 
current density, the differential efficiency is also degraded. An apparent intemal efficiency as low as 
50 - 60 % is extracted from plots of the inverse of the differential efficiency as a function of device 
Jength. We attributed these effects to the Jess efficient carrier capture in the QW region. As a 
consequence, the carrier population in the harrier Jayers is significantly Jarger than predicted by 
classica! drift-diffusion model. So, optimisation of active region thickness and barrier/confinement 
configuration is required in order to obtain useful values of the threshold current density. 

We study three types of QW structures: symmetrie, asymmetrie with large optica! 
waveguide and asymmetrie with optica! trap layer. For example, the values of the threshold current 
density are 800 - 1200 Ncm2 for the symmetrie 6 run SQW wafer, white for the asymmetrie 6 nm 
SQW wafer with large waveguide the range of values is 2500 - 6000 Ncm2• Threshold current 
density is extremely sensitive to variations of the active region thickness and barrier/confinement 
Jayer configuration. A DQW 5.5 nm symmetrie structure with only 60 nm grading between harrier 
and confinement Jayers exhibits values of the threshold current density as large as 2000 - 4000 
Ncm2• Using a moderate grading fora DQW 8 nm asymmetrie structure with optica! trap Jayer, the 
threshold current density shows a much better value of 1000 Ncm2 • Using stronger grading and 
InGaAs 980 nm active region the threshold current density essentially improves down to 250 - 300 
Ncm2, which is the aim of our design. 

For wafers grown using the MBE growth technique as well as MOCVD, values of the 
absorption coefficient as low as l.l - 1.5 cm·1 were obtained. These are very good values, obtained 
by a carefully design of the doping levels. 

5.5.2. Ternperature dependence of threshold current density 

At room temperature, the temperature dependence of the threshold current is usually 
described using an empirica! parameter, T0 , which is Jargely influenced by leakage current into the 
harrier layers. For better lasers the values ofthis parameter are as large as possible. It is shown here 
that this is a meaningful parameter for large stripe devices (larger than 50 µm). For weakly index
guided 6 - 12 µm wide stripe laser diodes, high values of T0 do not reflect a Jower Jeakage current, 
but are probably due to the fact that a large part of the threshold current density is used to sustain 
lasing outside the stripe region, where the lateral optica! field extends considerably. 

Low temperature (T > 77 K) behaviour of the threshold current density is also studied, in 
order to investigate the cause of our so large values of the threshold current density. For both 
symmetrie and asymmetrie structures, near room temperature the exponential increase related to 
thermal activated leakage is not observed. At low temperatures (77 K), the measured values of the 
threshold current density arrange themselves on a line that goes through zero for symmetrie 
structures, while the behaviour for the asymmetrie wafer with optica! trap layer is more astonishing. 
A maximum is present around 150 K. Also the extrapolation of the threshold current dependence 
towards zero temperature goes no more through zero. This behaviour is probably related with the 
fact that recombination in the optica! trap Jayer makes a significant contribution in the total 
threshold current, and this contribution increases at lower temperatures due to the increase of the 
Shockley-Read-Hall recombination rate. 
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5.5.3. Series resistance 

The series resistance in our devices is about 2 x 104 n · cm2, comparable with typical va lues 
for usual designs. This is a consequence of the fact that, even if somewhat lower doped, our p
confinement layer is thi1U1er since the maximum of the optica! field is placed towards the n-type 
layers. 

5.5.4. COD output power level 

For devices having large values of the threshold current density, measurement were made 
under pulsed conditions. For very short pulsed conditions (100 ns/lkHz), an as high output as 6.4 W 
was obtained from a 10 µm wide stripe, L = 3 rrun long device AR/HR coated from the symmetrie 
structure 2 wafer. Sealing to CW operation (dividing by a factor of 6 - 8), this should mean 80 - 110 
mW/µm, which is a factor of about 2.7 times higher than COD levels for corrunon GRJN QW 
structures. 

We also tested the asyrrunetric GaAs/AlGaAs DQW structure 7 with optica! trap layer under 
pulsed 10 µs/l ms conditions, for uncoated devices. In this case, the COD level is assumed to be 
almost the sarne as for CW operation. We obtained 38 mW/µm, which is 2.7 times the value for 
corrunon uncoated devices and is expected to increase by a factor of2-3 after mirror coating. 

We demonstrated for devices with L = 2 rrun length and w = 50 µm stripe width from the 
DQW 6 nm InGaAs/AlGaAs asymmetrie structure 8, under CW operation, the maximum output 
power before COD of 1.8 W per facet, which means about 35 mW/µm. This is to be compared with 
a COD limit of 14 mW/µm fora conventional syrrunetric structure in the sarne material system [13]. 
It represents a 2.5 times improvement which is in good agreement with the ratio of the spot size for 
the two cases and with results obtained under pulsed conditions on similar structures, as shown 
above. Finally, it is concluded that the lower optica! confinement in the active region increases the 
COD level, as expected. 
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Chapter 6 
Lateral beam behaviour and thermal waveguiding in ridge-type 
devices 

6.1. Introduction 

As shown in Chapter 1 and section 2.2, from the theoretica! point of view, the consequence 
of ha ving a lower confinement factor in the active region is the decrease of antiguiding and hence a 
more stable lateral beam behaviour is expected for wide stripe devices. Here we will show that the 
theoretica! predictions are in reasonable agreement with the experiment if therrnal and stress
induced by the photoelastic effect variations of the effective refractive index are less than about 3 x 
1 O_.. Therrnal effects are minimised for short putse operation with pulse width less than 100 ns 
while stress-induced effects depend on the stress in the specific oxide used to restrict the current 
injection region, on the ridge shape and on the distance between the etched surface and the location 
of the active region (see section 2.3.6). 

One peculiar feature was not predicted by the theoretica! model presented in Chapter 2 and 
is specific to low confinement laser diodes: the shape of the optica) pulse response for gain-guided 
and weakly index-guided devices. Specifically, the optica! pulse does not follow the electrical pulse 
with a delay of a few nanoseconds, as in standard laser diodes, showing instead a relatively large 
delay, which is several microseconds at threshold and it decreases as the current increases above 
threshold. Even when this delay is no Jonger noticeable, the optica! pulse shows a gradual increase 
with time in the time range of a few microseconds, a feature that is more marked in gain guided 
devices. If the current is increased well above threshold, the shape of the optica! putse shows 
"shoulders" and/or spikes, totally unexpected from the rectangular shape of the original electrical 
pulse. Such delays were previously noticed in surface emitting laser diodes [2, 6] and to our 
knowledge, there are only two reports on edge emitting lasers [1, 7]. Ref. [1] mainly addresses the 
delay between the optica! and electrical pulse and does not refer to the shape of the optica! pulse 
above threshold while [7] briefly mentions distorted optica! pulses due to therrnal effects. 

Since particular aspects of this type of behaviour were for the first time observed in QW 
edge emitting laser diodes, they were described in more detail. We attribute this anomalous 
behaviour to the increased influence of thermal guiding, as shown in the next section. Therrnal 
waveguiding can occur when the temperature under the stripe rises significantly above that outside 
the stripe region, producing a corresponding difference in refractive index. Especially in power 
devices the Jatter can be of the same order of magnitude as the built-in refractive index difference. 
Tuis effect is opposite to carrier-induced antiguiding which causes a reduction of the refractive 
index in regions of high carrier concentration. We consider first gain-guided devices with high 
threshold and try to evaluate the amount of therrnal waveguiding for the values of the current 
density where our ideal devices with threshold current density of about 400 Ncm2 should operate, 
namely about 2000 - 3000 Ncm2, since this puts a lower limit on the minimum amount of index 
guiding to be introduced during device processing. Then, we apply this knowledge to weakly index
guided devices in order to increase the maximum power in a stable fundamental mode, which is the 
requirement for most applications. It is to be stressed that these particular shapes of the optica! 
pulses are common to all our low confinement laser diodes, whether they are gain-guided or 
weakly-index guided devices. That is, a similar type ofbehaviour is noticed for both the symmetrie 
and asymmetrie structures, SQW or DQW, GaAs/AIGaAs or InGaAs/AIGaAs system. 

In conventional ridge-waveguide devices the value of the built-in index step &i,ff is larger 
than 5 x 10·3 and it is obtained by etching the material outside the stripe region until about 0.3 µm 
above the grading layer surrounding the active region, i.e. until about 0.45 µm above the active 
region itself if we add a typical grading layer thickness of about 0.15 µm. For our asymmetrie 
transversal structures, the maximum value of 11.n,ff which is obtained if the p confinement layer is 
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entirely etched outside the stripe region, until the grading Jayer, is 5 - 6 x 10-3 • For symmetrie 
structures this value is about 3 x io-2• This means that is easier to control a weakly Jateral built-in 
index guiding by etching the p-type contact and confinement layer in asyrrunetric structures where 
the maximum of the optica! field distribution lies in the optica! trap layer situated at the n-part, near 
the substrate, than in symmetrie structures where the optica! field is symmetrically distributed. It is 
more difficult instead to achieve large values of füieff without getting other unwanted effects from 
the stripe edges which occur when the active region is too close to the etched surface. Since we are 
mainly interested in weakly-index guided devices it is also very important to estimate the order of 
magnitude of the stress-induced perturbations on the lateral profile of the effective refractive index. 
These effects are rarely described in literature and data related to the anodic oxide and to ridge
waveguide devices do not exist to our knowledge. That is why their magnitude is estimated here 
based on theoretica! modelling in section 2.3.6. 

6.2. Gain-guided devices 

6.2.1. Gain guided double quantum welf (DQW) laser diodes having 5.5 nm wide QW's 

All results in this section refer to laser diodes from the 2 x 5.5 nm, DQW symmetrie wafer, 
but similar behaviour is observed for asymmetrie structures. This wafer is very uniform and the 
optica! pulse shape is generally reproducible from device to device. The p-confinement layer is 3 
µm thick. Before applying the metallisation, the p++ doped contact layer and 1.8 µm of the 
Al0.38Gllo.62As confinement Jayer is etched away outside the stripe, to obtain an estimated value of 
füieff less than 3 x 10-<1, so that we can consider the devices as being gain guided. 

The optica! pulse behaviour strongly depends on the stripe width and even on the type of 
mounting, i.e. p-side up or down. Mainly, we distinguish two different behaviours: first, in the time 
range of the first microseconds from the beginning of the pulse, at threshold and for moderate 
injection currents above threshold, and second, in the time range of 20-30 µs for larger injection 
levels and corresponding optica! powers above threshold. In all cases, if the duration between pulses 
is longer than 10 ms ( duty factor smaller than 1 /500) the optica! shape of the pulse is not affected by 
the repetition rate. For larger duty factors, the amplitude of the putse is affected, but the shape keeps 
the same appearance. 

For the time range of the first few microseconds, the thermal diffusion length is about 5 µm. 
In this time scale, thermal induced waveguiding starts to build up and the lateral modal losses due to 
radiation into unpurnped areas correspondingly decrease. This can be observed as the gradual 
increase of the optica! pulse. P-down and p-up mounting does not make a significant difference, 
since the heat flow just begins to reach the heat sink or the upper boundary. After the first few 
microseconds, lateral losses become negligible hut the thermally induced waveguiding increases 
further, making possible the oscillation of different lateral modes at different moments after the 
beginning of the pulse. In this time range, significant differences between p-up and p-down 
mounting are observed. Fig. 6.1 presents the optica! pulse shapes for an 8 µm wide stripe device, 
mounted p-side up, in the time range of 20 µs. We see there the rectangular shape of the electrical 
pulse width and the optica) pulse shape which is recorded using an oscilloscope that monitors the 
voltage on a resistance in series with an inversely biased photodiode. For large values of the optica! 
power a filter is placed in front of the photodiode or it is moved further from the laser diode in order 
to prevent saturation. So the values on the y-axis are not significant. What is important in all this 
type of graphs is the shape of the optica! pulse and its delay relative to the electrical pulse. 

The threshold current is 325 mA, corresponding to a threshold current density of 2700 
Ncm2• We notice a large delay at threshold, of about 5 µs , which becomes shorter as the injection 
level increases above threshold. At 387 mA, there still is a delay of about l µs. At 437 mA the delay 
is no Jonger noticeable, but even then the optica! pulse has a rounded shape in the beginning, with a 
time constant of a few microseconds. 
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Fig. 6.1: Optica] pulse shape in the time range of 30 µs for the symmetrie DQW 2 x 5 .5 nm structure. 

The w = 8 µm wide stripe, L = 1.5 mm long, gain-guided device is mounted p-side up. 
Duration between pulses is 10 ms. 

At larger injection levels, this rounded shape becomes a "shoulder" and is probably related 
to the appearance of a significant amount of the first order lateral mode, as will be discussed later. 
Next, when increasing further the injection current, higher order lateral modes appear and after a 
"shoulder" common to a!most all devices even index guided, usually there is a small range of 
currents (optica! powers) where oscillations between lateral modes are possible. These are related to 
large instabilities, which broaden the far field (not shown) as well as the emission spectrum, as seen 
in Fig. 6.2. 
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Fig. 6.2: Spectra for different injection levels for the symmetrie DQW 2 x 5.5 nm structure. 
The w = 8 µm wide stripe, L = 1.5 mm long, gain-guided device is mounted p-side up. 
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Chapter 6: Lateral beam behaviour and thermal waveguding 

The lateral far field is 3.5° (FWHM) at 320 mA but it increases to 4.75° at 500 mA and even 
more at higher injection level. It is to be remarked here, that even if it is gain guided, the device is 
stable between 320 and 440 mA. 

If we examine the optica! pulse shape for 16 µm wide stripe devices, we observe that they 
are highly unstable, and the instabilities are present even at threshold, in both 1 µs and 10 - 20 µs 
time ranges. Fig. 6.3 presents the optica! pulse shape in the time range of 1 µs and Fig. 6.4 in the 
time range of 20 µs, respectively, fora p-side down mounting. For the time range of 1 µs, we see 
the usual delay in the optica! pulse and large additional instabilities after 300 ns, which are common 
to all 16 µm wide stripe devices, with different lengths and mountings. 
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Fig. 6.3: Optica! pulse shape in the time range of 1.5 µs for the symmetrie DQW 2 x 5.5 nm structure. 

The w = 16 µm wide stripe, L = 1.5 mm long, gain-guided device is mounted p-side down. 
Duration between pulses is 10 ms. 

If we look at the L-1 curves using a sampling oscilloscope and moving the sampling point 
with respect to the beginning of the pulse, (see Fig. 6.5), we see that in the time range where the 
optica! pulse is highly irregular, i.e. specially in the first microseconds, the differential efficiency 
exhibits large variations accompanied by appreciable decrease of the threshold current density as the 
pulse length increases. As also reflected in the optica) pulse shapes in Fig. 6.3, clearly the 16 µm 
wide stripe device is highly unstable. A possible explanation may be that these effects are due to 
complex modifications of the modal absorption in the Iateral direction associated with field 
extension within the unpumped regions. Bleaching of carrier absorption due to laser flux could also 
explain the larger differential efficiency slopes for sampling times 0.5 - 3 µs, corresponding to 
"shoulders" in the optica! pulse shape. 

This behaviour is not typical for semiconductor laser diodes and the mathematica! exact 
description of all these effects is extremely complicated so that we only present here the 
experimental results and try to understand it only qualitatively by correlating spectra, far-fields and 
optica! pulse shapes, as in Fig. 6.6. 
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Fig. 6.4: Optical pulse shape in the time range of 20 µs for the symmetrie DQW 2 x 5.5 nm structure. 

The w = 16 µm wide stripe, L = 1.5 mm long, gain-guided device is mounted p-side down. 
Duration between pulses is 10 ms. 
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Fig. 6.5: L-1 curves for ~16 µm wide stripe, L = 1.5 mm long, gain guided devices. 
Parameter is sampling time (µs). Duration between pulses is 10 ms. 
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Chapter 6: Lateral beam behaviour and thermal waveguding 

Looking at Fig. 6.6, we observe double-lobed far-fields and irregular spectra. We note here 
that the horizontal scale for the spectrum presented in Fig. 6.6 c) is 2 nm/div and 5 nm/div for Fig. 
6.6 d). The double-lobed far field is related to the presence of the first order lateral mode and is 
accompanied by a significant drift of the lasing wavelength which can be related to the temperature 
change in the active region. It appears that before the thermal waveguide builds-up, i.e. before 300 
ns, the first order mode is favoured and even couples in phase with the fundamental one. The Jatter 
conclusion is inferred from near field pictures (not shown), where it appears that the filament 
laterally moves across the stripe and from the typical signature of this type of kink in the far field 
(also not shown), i.e. the maximum of the far field distribution is displaced with respect to the value 
corresponding to the fundamental mode alone [5). In the spectrum, two distinct lasing wavelengths 
are observed, probably at different time moments, as will be discussed below. It appears that after 
the thermal waveguide has built-up, the lateral far field value is 2.5° at 620 mA (threshold) and 2.8° 
at 700 mA. This value is close to the one of3.5°, characteristic for the 8 µm wide stripe, so probably 
the filament widths are comparable. 

1 
1 

. 1 

-- -- --- ---

Far field: a) b) 
1 = 1000 mA, t=300 ns 1=1000 mA, t=lOOO ns 

- ••. _" " '4o, H ·r~ >- OL'!'""-" ·:···-- ··-r'" ·•··- ··· ·-

Spectra: c) d) 
I = 1 A, t=250 ns I = 1 A, t=20 µs 

Fig. 6.6: Far field and spectra at different injection levels for the symmetrie DQW 2 x 5.5 nm structure. 
The w = 16 µm wide stripe, L = 1.5 mm long, gain-guided device is mounted p-side down. 

If we now look at the time range of 20 µs for the same device, (see Fig. 6.4, we notice a 
peculiar shape of the optica! pulse at threshold, common to all 16 µm wide stripe laser diodes, a 
small range of stability above threshold when the thermal waveguide has already built up and the 
same features with "shoulders" and oscillations discussed before. Fig. 6.7 presents the same type of 
behaviour, but this time for a p-side up mounted diode. During the first microsecond (not shown), 
the behaviour is very similar with the case of p-side down mounting, probably because in this time 
range the heat flow has not reached the heat sink yet in neither case. For the 20 µs time range, 
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6.2. Gain guided devices 

differences are observed, i.e. the optica! pulse is more unstable and is strongly decreasing, without 
reaching a steady state value, compared to the case of p-side down mounting. This can be explained 
considering the larger healing in the active region, the difference in the thermal resistance between 
p-side up and p-side down mounting being important. It is also characteristic for shorter devices 
(larger threshold current density due to larger gain in the active region needed at threshold), for both 
p-side up and down mounting. It is due to large heating in the active region itself that significantly 
affects the gain and thus the optica! output. 
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Fig. 6.7: Optica! pulse shape in the time range of20 µs for the DQW 2x5.5 nm symmetrie structure. 

The w = 16 µm wide stripe, L = 1.5 mm long, gain-guided device is mounted p-side up. 
Duration between pulses is 10 ms. 

We tried to deduce the amount of heating in the active region from the spectrum drift, 
assuming a linear dependence between wavelength and temperature shift, with a slope of 0.26 
nmfC. This value was found by measuring the lasing wavelength as a function of heat sink 
temperature under short pulse conditions and agrees well with values measured in other 
laboratories. 

Fig. 6.8: Plots of the spectrum fora fixed injection level, varying the pulse width for the GaAs DQW 2x5.5 nm 
symmetrie structure. The w = 16 µm wide stripe, L = 0.5 mm long, gain-guided device is mounted p-side up. 
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Chapter 6: Lateral beam behaviour and thermal waveguding 

We also assumed that the entire wavelength shift is due to temperature change in the active 
region. To support this statement, we present in Fig. 6.8 spectra for different pulse widths measured 
at the same injection level. We see that for short pulses, i.e. 50 - 100 ns, the lasing wavelength is 
clearly defined but as we move towards longer pulses, the high energy part of the spectrum remains 
the same, white the low energy side continues to drift towards longer wavelengths as the active 
region is heating-up. We deduced from the maximum of the spectrum the heating in the active 
region (temperature difference relative to the heat-sink temperature) presented next in this chapter. 

6.2.2. Evaluation of the magnitude of therma/ waveguiding 

An ideal device should be designed to have threshold current density around 400 Ncm2 and 
to operate at 2000 - 3000 Ncm2 at a power level of about half the COD value. Therefore, we try to 
use our high threshold structures in order to evaluate the amount of therrnal waveguiding at 
threshold, when almost all input power is transformed into heat. If we evaluate this effect for 
structures where the threshold current density alone is 2500 - 3000 Ncm2, we can use this value as a 
lower limit for the technologically induced !:in,!P since in normal devices the amount of generated 
heat will be lower due to the efficient laser emission. So, we decided to study gain guided devices 
Erom the symmetrie DQW 2 x 5.5 run structure 3 in Chapter 5. 

We were interested to investigate two questions: first, the amount of thermal waveguiding in 
the stripe region, which actually deterrnines the behaviour of the lateral beam, and second, the total 
temperature increase in the active region which is observed as a drift of the lasing wavelength, as 
shown above. To have an idea about the first effect, we can examine the far field· at low injection 
currents above threshold. We will consider 8 µm wide stripe devices, since it was shown that they 
have amore stable behaviour. Fig. 6.9 presents the theoretically modelled far field as a function of 
the strength of the lateral waveguide, for 8 µm wide stripes. 
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Fig. 6.9: Mode lied dependence of the far field on the strength of the lateral waveguide 
for a stripe width of 8 µm. 

As seen in Fig. 6.9, for a step-like ön.ffin the Iateral direction, the corresponding theoretica! 
value that we find from modelling to fit with the measured far field of 3.5° is !:in,g "' 10-3. This 
means a temperature gradient in the stripe region of öT "' 4° C. For the maximum values of 
temperature in the stripe region, we have to look closer at the lasing spectrum and to measure the 
wavelength at threshold (which is wel! defined in almost all cases) as a function ofpulse width. 

We then try to fit the experimental data using a very simple time dependent 2D model, with 
rectangular boundaries and only one medium inside the boundaries. We considered the thermal 
constants of this medium those correspondîng to Al038G11o 62As, since thîs layer is quite thick (3 µm) 
and we estimate that the main contribution to the thermal resistance comes from this layer. A typical 
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6.2. Gain guided devices 

value for the thennal conductivity is 0.1 W/cm/K and can be compared with the value of 0.45 
W/cm/K for GaAs. The heat source distribution is shown in Fig. 6.10. The maximum temperature 
and difference of temperature between the stripe centre and edge and typical 2D plots of the 
temperature profile fora 16 µm wide stripe are given in Fig. 6.11. We mainly take into account the 
resistive healing in the p confinement layer and the reabsorption of the spontaneous emission in the 
contact and substrate layers. This means that the heat is not generated in the active region and there 
is a finite time needed until the temperature rise reaches the active layer and changes the lasing 
wavelength. On the same time scale, the thermal waveguiding builds-up. For a time constant t of 1 
µs, the diffusion length is L = (Dt) 112, where Dis the thermal diffusivity. Ifwe consider a D value of 
0.18 cm2/s [3], we obtain a typical diffusion length of about 4 µm which is in the same order of 
magnitude as the thickness of our p-confinement layer. As shown also in [3, 4], in the time range of 
a microsecond, the heat flux does not reach the submount (silicon in our case) so that taking into 
consideration the physical dimensions of the chip is sufficient. However, the heat flow from the 
chip to the submount becomes noticeable for p-side down mounting in the time range of 10 - 30 µs. 

Fig. 6.11 a) - c) present modelled results for 8 and 16 µm wide stripes, for the same 
electrical power density. First, let us examine Fig. 6.11 a). Qua!itatively, the model explains the 
experimental behaviour. 
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Chapter 6: Lateral beam behaviour and thermal waveguding 

To begin with, we notice that the maximum temperature rise in the active region is larger for 
the 16 µm wide stripes if compared to the 8 µm wide ones, with a factor less than two. On the other 
hand, the temperature difference in a 16 µm wide stripe is more than a factor of two larger than in a 
8 µm wide one, and this can explain why the far field corresponding to 16 µm stripe devices is so 
unstable. The order of magnitude predicted for the therrnal waveguiding in the 8 µm wide stripe is 
also in reasonable agreement with the experiment. i.e. 6 °C compared with the experimental value of 
4 °C. Considering the simplicity of the model, the agreement is satisfactory. Also it is to be noticed 
that, although the maximum temperature steadily increases in the time range of 30 µs, the therrnal 
gradient in the stripe width saturates aft.er the first few microseconds. 

For the therrnal diffusivity, no values are reported in the literature. lf we assume D = Kµ:, 
where D is the therrnal diffusivity, K the therrnal conductivity, p the material density and c the 
specific heat, then the corresponding value of D is 0.18 cm2/s. Reference [3] reports an 
experimentally measured value of 0.05 cm2/s, deduced from the same type of measurements that 
we made here, i.e. from the shape of the plot of threshold wavelength as a function of pulse 
duration. This value is significantly lower and can explain the fact that in simulations using the D = 

0.18 cm2/s value the maximum temperature is always somewhat lower than the experimental values. 
lfwe use in our model the experimental value of D reported in [3], then all values multiply with the 
corresponding factor, which makes the results in better agreement with our experimental data. 
Using simple boundary conditions of fixed heat sink temperature at the surface corresponding to the 
metallic bond and zero heat flux elsewhere, fora rectangle of the dimensions of the chip, we expect 
to find for p-side up mounting larger maximum temperatures than from the experiment. For p-side 
down mounting, these boundary conditions are not realistic, since we mount our devices on 500 µm 
thick silicon and the actual fixed heat sink is not at the device p-contact, i.e. 3 µm away from the 
active region, but 500 µm below, where we have the copper heat sink. Therefore the fit with the 
experimental data is better using the p-side up simulation, in all cases. A more elaborate heat model 
is beyond the goal of the present thesis, so that we restrict ourselves to the present one. 

Fig. 6.12 presents typical measured plots of threshold current and maximum temperature at 
threshold for typical 8 µm wide stripe devices mounted p-side up and 16 µm ones with p-side down 
and up mounting, respectively. Modelled results use for D the value of 0.18 cm2/s. For p-side up 
mounting, in both 8 and 16 µm (Fig. 6.12 b, d) wide stripe cases, modelled results are below 
measured values but they would show a more correct behaviour if we use the lower value of the 
thermal diffusivity (0.05 cm2/s). For p-side down mounting (Fig. 6.12 e, f), 16 µm wide stripe laser 
diode, experimental values of the maximum temperature in the active region are less than modelled 
values for p-up mounting, as expected since in this time range the heat flux reaches the heat sink. 
However, p-side down modelling, taking into consideration only the device itself and not the 
submount also (results not shown), predicts too low maximum temperatures, since ît is assumed that 
the regîon a few microns below the active region has a fixed temperature, which is not the case. 
Nevertheless, if we look at the temperature rise profile, in the time range of a few microseconds, the 
modelling is in better agreement with experiment for p-sîde down mounting than for p-side up 
mount. This can be explained if we keep in mind the specific 2D shape of the ridge, which is 
embedded in solder for p-side down mount and is free in air for p-side up, respectively. For p-side 
up mounting, in the first moments, the heat flux cannot escape in the lateral direction until it reaches 
the edge of the etched region. Thus, the temperature rise is more significant in the time range of a 
few microseconds. 

Another important consequence of the reduction of modal losses due to thermal 
waveguiding is that threshold current decreases when pulse width increases, as seen in Fig. 6.12. 
This decrease can be substantial, from 1 S % to 50 %, these values also depending from device to 
device and can also be explained by the build-in of the therrnal waveguide, as explained above. 
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Fig. 6.12: Threshold current and maximum temperature dependencies on pulse width for the 
DQW 2x 5 .5 nm symmetrie structure. The w = 8 µm or 16 µm wide stripe, L = 1.5 mm long, 

gain guided devices are mounted on silicon submounts. 
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6.3. Weakly index-guided devices 

6.3. Weakly index-guided devices 

6.3.1. Longpu/se (1-30 µs) behaviour 

We tried to apply the knowledge presented above to weakly index-guided devices and to 
determine the optica! power and injection current level corresponding to which instabilities in the 
far field appear. We chose the asymmetrical DQW 2 x 8 nm structure 7 in Chapter 5 in order to 
minimise the thermal waveguiding, since it has a reasonably low threshold current density and a 
low absorption coefficient which means good differential efficiency for Jonger devices. It is also a 
very uniform wafer. Furthermore, the p-confinement layer is only 1 µm thick, which makes it easier 
to contra! more precisely the tecbnologically introduced ón,ffvalue. 

We mainly studied devices having the same vaiue of the etch depth, i.e. of ón,ff, implicitly 
and two values for the stripe width. First we used repeated anodic oxidation to define 13.5 µm wide 
ridges, having the specific heavily underetched shape seen in Fig. 4.3, Chapter 4. The ridge width is 
13.5 µmat the bottom, corresponding to the initia! mask and onJy 5.5 µmat the top. 

This does not seem to affect the series resistance, discussed in section 5.3, probably because 
the main contribution comes from the resistance of the inner p confinement layer which is only 1.0 
µm thick. Fora 6.5 µm wide stripe this method can not be applied, since the underetch is too large. 
We chose an etching solution based on a mixture of citric acid and H 20 2 in the composition ranges 
where there is no selectivity with respect to the Al composition index. The shape of the ridge is 
much better defined and typical etch rates are in the order of 0.7 µm/h. The etch depth was chosen 
in such a way that the value of ón,ff is 1 x 10·3, using the data from the growth menu. We must keep 
in mind all the same, that errors in the order of 60 nm can change the value of ón,ff with a factor of 
two and this represents only 6 % of the total thickness. Nevertheless, after growth the thickness is 
well defined and ifwe contra! our etch depth very well, we can find a range where the ón,ff value is 
acceptable. This is the reason why for the 6.5 µm wide stripe ridges, we also prepared a small part 
of the wafer with an additional etch of 75 nm, using an additional anodic oxidation and removing 
the oxide. All devices were uncoated. 

Fig. 6.13 presents plots of threshold current density and lasing wavelength at threshold as a 
function ofpulse length for 1.78 mm long devices having a stripe width of 13.5 µm , mounted p-side 
down and p-side up, respectively and the same dependencies fora 1.5 mm long, 6.5 µm wide stripe 
diode mounted p-side down. We notice that there still is a time range where therrnal waveguiding is 
important, and this time range is in the range 600 - 800 ns for the p-down 13.5 µm wide stripe 
device and 200 - 400 ns for the 6.5 µm wide one. In this time range, the threshold current decreases 
by a factor of two for the p-down device and the lasing wavelength has a sharp increase until 
thermal waveguiding added to the initia! weak index-guiding is enough to confine the beam in the 
lateral direction. In any case, this time range is much smaller than for gain-guided laser diodes. The 
decrease of the threshold current is only 25 % for the 6.5 µm wide stripe device mounted p-side 
down and the corresponding wavelength shift is only 1.8 nm. 

For p-side up mounting, the threshold current also decreases by a factor of two in the first 
800 ns, but the lasing wavelength remains almost constant. In this time range, the shape of the 
optica! pulse is rounded, similar to gain guided devices, but toa lesser extent. For the case of the 6.5 
µm stripe laser diodes with an additional 75 nm etch, this round shape is no Jonger noticeable and 
the behaviour is quite normal until the injection level is such that the therrnal waveguiding exceeds 
the built-in index guiding (not shown). 
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Fig. 6.13: Threshold current and lasing wavelength dependencies on pulse width for the DQW 2x8 nm 
asymmetrie structure. Devices are weakly index-guided having /:inef"' 10·'. 

We now focus on the range of injection current values and corresponding power levels for 
which the lateral behaviour of the beam and the optica! pulse shape are stable. The optica( pulse 
shape is very sensitive to the appearance of higher order modes, particularly. Fig. 6.14 shows the 
optica! pulse shape fora typical p-down mounted device having 13.5 µm stripe width and 0.78 mm 
length. We can still see the delay between the optica! and electrical putse at threshold, hut it 
disappears very soon above threshold. For devices with an additional oxidation, this delay is no 
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6.3. Weakly index-guided devices 

more observed. The shape of the optica! pulse is stable until about 420 mA, corresponding to a 
current density of 4000 Ncm2• Above this injection level, therrnal effects with the familiar 
"shoulders" and oscillations appear. 
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Fig. 6.14: Optica! pulse shape in the time range of 10 µs for the DQW 8 nm asymmetrie structure. 

The w = 13.5 µm wide stripe, L = 0.78 mm long, weakly index-guided !:J.n,ff"" 10·3 

device is mounted p-side down. 

20 

20 

Fig. 6.15 shows results ofa 1.78 mm long device and should be correlated with Fig. 6.16 
that shows the corresponding spectra. Now the optica! pulse is stable until 600 mA (2500 Ncm2) . 

Above 600 mA the therrnal drift of the lasing wavelength becomes important. The drift of the lasing 
wavelength is an important parameter for applications such as pumping solid state lasers. 
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Fig. 6.16: Spectra related to Fig. 6.15. 
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6.3. Weakly index.-guided devices 

Furthermore, Fig. 6.17 relates the far field behaviour to the shape of the optica! pulse, fora 3 
mm long 13.5 µm wide stripe laser diode, mounted p-side up. lt can be seen that far field 
broadening is associated with the presence of multiple "shoulders" in the optica! pulse shape. At the 
injection level of 940 mA the presence of the first order mode is obvious. In genera!, a common 
feature is that p-side up mounted devices are less stable than those mounted p-side down. 

Also, the far field width in the stable regime is larger for p-up mounting (4.8 °) than for p
down (3 °). The difference is unexpectedly large. This is due to the additional !henna! waveguiding 
caused by the larger thermal resistance. As a common feature, the upper limit of the stable regime is 
2500 - 3000 Ncm2 for p-down mounting and only 1500 - 1700 Ncm2 for p-up, respectively, for 
13.5 µm wide stripe devices. 
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Fig. 6.17: Far field and optica! shape pulse dependencies on injection level 
for the DQW 2 x 8 nm asymmetrie structure. 

The w = 13.5 µm stripe width, L = 3 mm long, weakly index-guided fui'.ff"' 10·3 device is 
mounted p-side up. 

For 6.5 µm wide stripe devices, typical plots of the optica! pulse shape are very similar to 
the ones shown above. If we further compare two similar laser diodes, with the same length L = 1.5 
mm, but one mounted p-side down and the other p-side up, we find, as expected, that the p-side up 
device whose corresponding behaviour is presented in Fig. 6.18 is less stable than the one mounted 
p-down. 

The range of stability extends up to 4700 Ncm2 for p-side down mounting and to only 3000 
Ncm2 for p-up, respectively. As a side remark, the kink level seems to be associated with rounded 
"shoulders" for p-down devices and with "dips" in the optica! pulse for p-up, respectively. At the 
kink level, clearly seen in the optica! pulse shape, the spectrum exhibits high or low energy tails and 
typically the far field broadens (Fig. 6.18) or moves with respect to the centra! direction for the 
fundamental mode as in the hybrid-type of kink explained in 2.3.5. Oscillations in the optica! pulse 
shape are generally associated with significant drift in the lasing wavelength and further broadening. 
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Fig. 6.18: Optica! pulse shape, far field and spectrum dependencies on injection level 
for the asymmetrie DQW 2x8 nm structure. 

The w = 6.5 µm wide stripe, L = 1.5 mm long, weakly index-guided dn,ff "' 10·3 device 
is mounted p-side up. 

One last remark is to be made: for AR/HR coated devices we expect an improvement in the 
optica! output power before kink [5] because the thennal waveguiding is maintained at the same 
level while the front facet power practically doubles. 

For the range of stability presented above we obtain the output power kink level for 
uncoated devices at about 120 - 180 mW/facet for narrow stripes (6.5 µm) and 200 - 320 mW/facet 
for wider stripes ( 13 .5 µm). These values can be improved by a factor of two using the appropriate 
mirror coatings [5]. 
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6.3. Weakly index-guided devices 

Measured far field values for the 6.5 µm wide stripe devices are 6 ° in the stable regime and 
are slightly larger for p-side up mounting, i.e. 7 °, respectively. 

6.3.2. Short putse behaviour 

In short pulse conditions (100 ns pulse width, 1 kHz repetition rate) thermal waveguiding is 
minimum. Even for devices with rather large threshold current density, thermal waveguiding in the 
lasing regime is smaller and the behaviour is close to the one predicted by simulations in section 
2.3. For the GaAs/AIGaAs system where the antiguiding factor is as low as 2, the predicted output 
power of 1 W in the fundamental lateral mode is actually confirmed by experiment [8] . The ridge 
stripe width is 12 µm and the weak lateral waveguiding, intended to be about 6 x 104 was obtained 
using repeated anodic oxidation in a ridge type device. The asymmetrie structure 5 in Chapter 5 was 
investigated. Fundamental lateral mode operation with lateral far-field of 4 ° at threshold and 
increasing to S 0 at larger injection level was obtained until 1.3 W output from the front facet of the 
AR / HR coated device having the length L = 2.5 mm. 

6.3.3. Stress-induced effects due to the photoelastic effect 

Since one of the purposes of the present thesis is to study the possibility of extending the 
operation in the fundamental lateral mode for weakly index-guided devices having the stripe width 
values in the range 10 - 12 µm, estimation of the stress induced effects is of importance. The 
influence of the processing stresses in oxide-insulated laser diodes and related stress-induced 
changes of the refractive index, which depend on the thickness and on the shape of the oxide, was 
reported at the beginning of the development of the laser diodes [9-10, 17]. Their further study was 
left aside because the built-in effective refractive index step in conventional devices exceeded the 
magnitude of this effect. It was noticed, however, that if the active region is toa close to the etched 
surface the performances of the laser diodes become poorer. 

Recently, planar semiconductor lasers using the photoelastic waveguiding effect induced by 
a WNi layer stressor were reported in [11]. Stress induced lateral confinement of light in epitaxial 
BaTi03 films was obtained by P. Barrios et al. [12]. It is a!so shown there that a deposition process 
itself may introduce a significant intrinsic stress in addition to the thermal stress due to the cooling 
from the temperature during deposition down to room temperature. The intrinsic stress may even 
dominate over the stress induced by the thermal expansion mismatch, especially when a film is 
deposited at room temperature. For our devices, anodic oxide is used to restrict the current injection 
outside the stripe width. We evaluate here the stress in the anodic oxide and we estirnate its effects 
on the profile of the effective refractive index using the model presented in section 2.3.6. 

Experirnentally, using spatially resolved and polarisation resolved photolurniniscence, strain 
was rneasured in GaAs and InP based serniconductor devices with a strain resolution better than 10-5 

and a spatial resolution of about 1 µrn [13 - 15]. These measurernents show that the strain fields in 
semiconductor laser diodes are related to bath geometrical structure and processing conditions of 
the device. Metallized sharp edges, including dielectrics, such as the ridge and etched channels 
formed in ridge waveguide lasers tend to have large strain fields associated with !hem. The strain 
due to bonding itselfusually introduces a roughly constant strain distribution in the active region. 

Next we are going to estirnate the stress-induced changes in the refractive index lateral 
profile for a specific shape of the ridge and for the case when anodic oxide is used to restrict current 
injection outside the ridge area. We begin with evaluating the stress in the anodic oxide. We 
rneasure the radius of the curvature p of ad= 122 µrn thick GaAs substrate covered with a 0.2 µm 
thick anodic oxide grown in constant current conditions with a current density of 5.7 Ncm2 until 
150 V final voltage. After the formation of the anodic oxide the sample was heat-treated at 400 °C 
for one minute. In real ridge-type devices the anodic oxide corresponds to AlxGa1"As oxidised 
layers and not to GaAs, nevertheless we use this value for a qualitative estimation. If the oxide film 
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has a thickness t and is under compressive stress o; then we find the stress from [10]: 

u = E, t2 
) where E, / (l-v) = 1.23 x 1011 dyn/cm2 in the {100} plane of GaAs where dis the 

6·p· 1-v 

thickness of the substrate, E, is the Young modulus and vis Poisson's ratio. For the specified 
anodic oxide we find a compressive stress of -3 x 109 dyn/cm2. This stress compares with value of -
3 x 109 dyn/cm2 for thermally grown oxide films on silicon and with values in the range of -5 x 109 

to -lOw dyn/cm2 for Si02 : Si3N4 deposited on GaAs [10]. For comparison we also mention the value 
of the stress produced by the heterostructure interface mismatch which is 0 - 1 x 108 dyn/cm2 [10]. 

When a stripe window is opened in the oxide, a force per unit length equal to u · t ( dyn/cm) 
is exerted at each edge of the oxide, where t is the thickness of the oxide. If we perform the 
calculations presented in section 2.3.6, using a mathematica) approximation of the ridge profile as 
mentioned there, we find that the amplitude of the photoelastic induced changes of the refractive 
index under the stripe are of the order of 8 x 104 for an active region situated 0.35 µm below the 
etched surface and for a value of the etch depth h = 1 µm. The oxide thickness is 0.2 µm, 
corresponding to an 150 V anodic oxide as described above. The stripe width at the bottom of the 
ridge is 8 µm. Examining again Fig. 6.15 b) in section 2.3.6 we notice an antiguiding effect beneath 
the stripe and two positive waveguiding features located at the ridge edges. 

We now study experimentally very weakly index-guided laser diodes from the asymmetrie 
structure no. 7 described in Chapter 5 and Appendix B. It has two GaAs quantum wells of 8 nm 
each and an optica! trap layer with Al content x = 0.20 on the n-side of the structure. The 
confinement factor is 7.5 x 10·3 per QW. The device length is 1.5 mm. The magnitude of the carrier 

· d d · ·d· · A- b · r · L1g 1 h b · h · ·di f; r · h m uce anl!gu1 mg IS LU•carrierantiguiding = · "'• w ere IS t e anl!gm ng actor, IS t e 
4·Jl" 

confinement factor, g is the gain in the active region and A.0 is the lasing wavelength (see also 
Chapter 2). If we assume losses of about 3000 cm·1 outside the stripe region, in unpumped areas, 
and gain values of about 500 cm·1 per QW in the stripe region, we estimate the value of the carrier 
induced antiguiding to be about 3 x 104 . In this case the stress-induced antiguiding is larger than the 
corresponding carrier induced effect since our structures have a lower confinement factor in the 
active region. The built-in induced index-guiding was only 3 - 6 x 104 for these devices, which is a 
very low value. This is confirmed indirectly by Fig. 6.19, where the sbape of the optica! putse is 
presented. 
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Fig. 6.19: Optica! pul se shape fora very weakly Fig. 6.20: CW far field of the same device 
index-guided device,stripe width w = 8 µm, for an injection current of 140 mA 
L = 1.5 mm. Units on y-axis are relative units. (spontaneous emission). 

We notice a clear delay at threshold between the beginning of the electrical putse and the 
onset of lasing. This is the clear mark of thermal effects, as presented previously in this chapter. 
That means that the built-in index guiding is not enough to provide waveguiding in the lateral 
direction and lasing has to wait until thermally induced profile of the effective refractive index 
builds-up and adds to initia! index-guiding. The value of the threshold current for these devices is as 
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high as 1800 A/cm2, with no correction for current spreading outside the stripe area. The 
corresponding value of the thermal waveguide is about 10·3, as deduced in the previous section. This 
conclusion is also supported by the far field profiles under pulsed operation, above threshold. For 
300 ns/l 0 ms pul se width/repetition rate and an injected current of 280 mA, the far field, presented 
in Fig. 6.21 a), is broadened and has the characteristic shape for strong antiguiding associated with 
higher lateral losses [16]. In the optica! pulse shape above threshold this is observed as a rising front 
of the optica! response with a time constant of the order of 1 microsecond. This behaviour is very 
similar to the one examined in the previous sections and thus the corresponding optica! field profile 
above threshold is not shown. 

The stress-induced behaviour is proved by Fig. 6.20 and 6.21 b). First, Fig. 6.20 presents the 
far field be low threshold, for an injected current of 140 mA. The threshold current is about 210 mA. 
We see two weak side features which can be correlated with perturbations at the stripe edges. Fig. 
6.21 b) presents the far field in CW regime, which is basically the same with the far-field measured 
in pulsed cond.itions if the putse width is larger than a few µs, i.e. after the thermal waveguide 
builds-up. Each of the two weak side lobes can be found at approximately 4.5 ° from the normal. 
The width of the main lobe is about 3.7 ° (full width-half amplitude). This in qualitatively good 
agreement with the far-field predicted theoretically in Fig. 2.17 in section 2.3. 6. 

a) 300ns / 10 ms (pulsed conditions) b)CW 

Fig. 6.21: Far fields in lasing regime, soon above threshold, for the same device as in Fig. 6.19. 
The value of the injected current is 1=280 mA 

We conclude from this that stress-induced effects are larger than carrier induced antiguiding 
in our low confinement devices and that for the given configuration of the ridge and for the given 
oxide are of the order of 8 x 10-4. Together with thermal effects they put a lower limit on the value 
of the built-in index-guid.ing to be provided technologically. Smallest possible values of the oxide 
thickness and more systematic technologica! optimisation of the oxide deposition process 
(considering also other type of insulators) might considerably reduce stress-induced effects. In the 
same time, if this effect is properly understood by further research it may be used to provide 
positive waveguiding instead of antiguiding beneath the stripe region, using special layers with 
tensile and not compressive stress. This can be achieved using metals, for example. 

We consider next devices from an asymmetrie DQW 2 x 6 nm Ino.20Gao.wAs structure having 
the confinement factor of 7.6 x 10·3 /per each QW. The structure is very similar with the structure 
presented above. It is structure 8 in Chapter 5 and in Appendix B . This time the thickness of the 
anodic oxide is only 0.08 µm, corresponding to a 60 V final voltage. The antiguiding factor b for 
this material system is much larger than before, i.e. b = -6 [16]. Thus, the corresponding carrier 
induced antiguiding estimated to be about 10·3 is larger than stress-induced effects which are 
estimated from computations to be about 4 x 10"" for 5.5 µm wide stripe devices ifthe active layer is 
situated 0.3 µm below the etched surface. The built-in index-guiding is here about 5 x 10-3 in 
agreement with the shape of the optica! pulse at threshold which does not show the familiar delay 
due to thermal effects present in weakly-index guided devices. This is also due to the fact that 
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thermal waveguiding at threshold is significantly reduced compared to the previous case since the 
threshold current density is here only 420 A/cm2 for a device length L = 1.5 mm, again with no 
corrections for the spreading of the current outside the stripe region. The far field is extremely 
unstable, as also predicted theoretically using the model developed in Chapter 2, due to the fact that 
the gain of the first order mode starts very soon above threshold to reach the threshold value in the 
relatively strong built-in waveguide. No stress effects are apparent in the far field (not shown), in 
the spontaneous emission or lasing above threshold. 

6.4. Conclusion 

The theoretica! model presented in section 2.3 predicts fundamental mode operation for 
current density of about 2500 A/cm2 (2000 A/cm2 above threshold), fora 12 µm stripe width. Let us 
remind here the limitations of the model. First, even though it takes into account lateral carrier 
antiguiding in a self consistent manner, temperature effects are superimposed with a fixed 
magnitude for a given current density and second, it neglects the kink mechanism related to in
phase oscillation of fundamental and first-order mode, which is most often the cause of kinks in 
weakly index-guided laser diodes. The experimental results presented here refer to devices with 
threshold current density larger than assumed above, i.e. about 1000 A/cm2, hence with a 
significantly larger thermal waveguiding than supposed in the model. It is found that thermal 
waveguiding plays a crucial role in the Iateral beam behaviour, in both gain-guided and weakly 
index-guided devices. 

6.4. J. Gain-guided laser diodes 

The threshold current density depends on the pulse width and, contrary to what we should 
normally expect, they decrease when the putse width increases from l 00 ns to l 0 µs. The typical 
decrease may be as large as 50 %, depending on the device. Also, there is a significant delay at 
threshold between optica! pulse and the beginning of the electrical pulse. This de lay is as large as 3-
5 µs and decreases above threshold. Nevertheless, even when it is no Jonger noticeable, the optica! 
pulse shows a gradual increase in. the first microseconds after the beginning of the pulse. To our 
knowledge, there are only two reports about a similar behaviour in edge emitting laser diodes. Few 
reports refer to a VCSEL's similar behaviour, but the shape of the optica! pulse is not presented in 
literature. As in the mentioned reports, we attribute this effect to the thermal waveguiding, which 
builds up slowly during the first microseconds. This chapter presents in detail the optica! pulse 
shapes. The lasing wavelength as a function of pulse width is used to estimate the maximum 
temperature rise in the active region as a function of pulse width and from far field measurements 
we deduce the amount of lateral thermal waveguiding in the stripe region. The latter is around 4°C 
(1':..n,g"" 10"3) for a 8 µm wide stripe device operating at a threshold current density of 2500 A/cm2 

and puts a lower limit on the amount of built-in index-guiding to be introduced during processing. 
As expected, 16 µm wide stripe devices are very unstable. 

A simple thermal time-dependent model is used in order to qualitatively understand this 
behaviour. It takes into consideration a rectangle with the dimensions of the device and an uniform 
material inside. Maximum temperature rise predicted by the model is in rough agreement with 
experiment (50 % error). Taking into consideration the 50 % uncertainty of the thermal diffusion 
coefficient and the simplicity of the model, this is considered satisfactory. Qualitatively, the model 
predicts larger maximum temperature rises and therrnal waveguiding for 16 µm wide stripes than 
for 8 µm, features that agree with the experirnental behaviour. Also, another feature predicted by the 
model is that, even if the maximum temperature rise continues to increase after the beginning of the 
pulse, thermal waveguiding saturates in the first few microseconds. 
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6.4.2. Weakly index-guided devices (6.n,gzl x 10-1; 

In index guided devices, the delay between the electrical and optica( pulse and the 
dependence of the threshold current on putse width are present to a lesser extent, and become no 
longer noticeable for 6.n,g > 2 x 10·3. Still, above threshold the optica) pulse shape is strongly 
affected by the presence of the first order or higher order modes. Corresponding to the peculiar 
optica! shape of the pulse, thè far field becomes unstable and the spectrum broadens due to thermal 
drift. Very often, the "hybrid type" of kink is observed first and very soon after that turns into the 
"first-order type'', when the first order mode is no Jonger coupled in phase with the fundamental 
one. At injection levels above tbat, typically the device shows a multimode operation and the optica) 
putse exhibits oscillations between modes. 

For 13.5 µm wide stripes, the maximum power available in the fundamental lateral mode for 
uncoated devices is 200 - 320 mW and is thermally limited. Better values are expected for coated 
devices and for löwer threshold current density. Measurements were made in pulsed conditions 10 -
30 µs pulse width / 10 ms between pulses. The corresponding current density is 2500 - 3000 A/cm2, 

which is in agreement with the optica! model presented in section 2.3. 

Similarly, for 6.5 µm wide stripe, uncoated devices, the maximum power in the fundarnental 
mode is 120 - 180 mW and the corresponding value of the current density is about 4700 A/cm2• The 
device Iength was 0.5 - 1.5 mm. 

For the short putse regime, i.e. putse width 100 ns, optical output in the fundamental Iateral 
mode of 1.3 W from an AR/HR coated 12 µm wide stripe device with the length L = 2.5 mm was 
obtained. Under these conditions thermal effects are significantly Iess important and simple 
modelling presented in section 2.3 makes reasonable predictions. 

6.4.3. Stress-induced effects due to the photoelastic effect 

Stress-induced effects can be larger than carrier induced antiguiding in low confinement 
laser diodes and are evaluated to be of the order of magnitude of 8 x 10-< for a given ridge shape 
and if a 0.2 µm thick anodic oxide is used for electrical isolation outside the stripe region. Together 
with thermal effects they put a lower limit on the value of the build-in index-guiding to be provided 
technologically. Thinner oxide layers and more systematic technologica! optimisation of the oxide 
deposition process (considering also other type of insulators) might considerably reduce stress
induced effects. In the same time, if this effect is properly understood by further research it may be 
used to provide positive waveguiding instead of antiguiding beneath the stripe region, using special 
layers with tensile and not compressive stress. This can be achieved using metals, for example. 
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Chapter 7: Conclusions 

Chapter 7 
Conclusions 

This thesis presents the results of studies on newly developed asymmetrie laser diode 
structures, with lower confinement factor in the active region, optimised for high power operation. 
The specific behaviour and characteristic parameters of diode lasers realised using such structures 
are surnmarised below. 

7.1 . Optica! parameters 

7.1.1. Transversal direction 

Due to extension of the optica! field in the p++ contact layer, for certain values of this layer 
thickness, resonances can occur. These are to be avoided for our laser operation, since they are 
associated with increased losses and far-field distorsions. On the other hand, this effect can be 
useful in other cases and some suggestions are given for application for DFB laser diodes. 

For both MBE and MOCVD growth techniques, absorption coefficients as low as 1.1-1.5 
cm·' can be obtained reproducibly. These are very good values, obtained with a careful design of the 
doping levels. 

As a consequence of lowering the confinement factor (increasing the spot size), it is clearly 
confirmed experimentally that the COD level increases. Results measured under pulsed and CW 
operation, respectively are in good agreement. The ratio of the output power to the stripe width 
before COD is as high as about 36 mW/µm and this represents a factor of2.5 times improvement if 
compared with conventional structures optimised for threshold, in good agreement with theoretica! 
predictions. 

7.1.2. Lateral direction 
Experirnental results in Chapter 6, show that in most of the situations, the hybrid type of 

kink occurs first but the first order type follows soon, so that reasonable predictions can still be 
made for our weakly index-guided devices using the model described in Chapter 2. This is true for 
very short pulse conditions (100 ns pulse width) when thermal effects are reduced to the minimum. 

7.1 . 2.1. Thermal ejfects 

Thermal effects induce an additional waveguiding which perturb the lateral built-in effective 
index step for weakly index guided devices, specially ifthey have high threshold. Their contribution 
has two main consequences. First, the threshold current under short pulse operation is larger than 
for CW. Second, it makes the lateral beam more unstable due to the earlier onset of the first order 
mode. The magnitude of the thermal induced waveguiding was evaluated to f>n,ff"" 10·3 for an 8 µm 
wide stripe device and for an operating current density of2500 A/crn2• 

7.1.2.2. Stress induced ejfects 

Variations of the effective refractive index induced by photoelastic effect can become 
important for weakly index-guided devices, depending on the stress in the oxide layer and on the 
ridge shape. The stress influence is evaluated, theoretically and experimentally, fora profiled ridge 
where anodic oxide is used to define the stripe width. Due to these effects there may be an 
antiguiding as large as 8 x 1 O"' below the stripe region and significant perturbations at the stripe 
edges. Together with thermal effects, they put a lower limit on the lateral built-in index-guiding 
introduced by etching the material outside the stripe area in ridge-waveguide devices. 
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Chapter 7: Conc/usions 

7.2. Transport parameters 

Measured values for threshold current are significantly larger than predicted by a simple 
classica! drift-diffusion model, in both symmetrie and asymmetrie structures, if the configuration of 
the layers surrounding the active region is not optimised. For structures with very large va!ues of 
threshold current density, the differential efficiency is also degraded. We attributed these effects to 
the less efficient carrier capture in the QW region. As a consequence, the carrier population in the 
harrier layers is significantly larger than predicted by classica! drift-diffusion model. 

7.3. Specific aspects of processing 

Repeated anodic oxidation was used here for defining the laser diode stripe. Although 
anodic oxidation is a well known process for GaAs, very few reports are given in literature for 
A1,Ga1.,As. The material etch rate significantly decreases as the Al content x increases. This work 
presents also results of studies on the material etch rate as a function of Al content and the etch 
profile for laser structures grown on n++ substrates. It is found that this method offers an excellent 
etch depth control, with accuracy of 20-30 nm for 1 µm total etch depth. Unfortunately, it can only 
be used for defining stripes wider than 10 µm, si nee the profile is strongly underetched for 
GaAs/Al,,_60Gao.w-As configurations as used in laser structures. 

As a final conclusion, it was clearly shown here that the concept of "low confinement" in 
high power laser diode structures proves to have definite advantages over the classica! design and is 
worthwhile to be developed further towards commercial CW devices. Limiting factors affecting the 
fundamental Iateral mode operation, such as thermal and stress-induced effects are evidenced and 

.characterised. 
Further work is needed to optimise the structure parameters for fundamental mode 

operation. This optimisation includes also the deposition of the oxide used to define the current 
injection area under stripe. Another possible development is the tapered laser design, where a 
fw1damental lateral mode from an originally small stripe at the rear facet is extended towards the 
front facet by tapering the stripe width. This allows for further increase of the emitted power in the 
fundamental lateral mode. This approach would benefit from the lower influence of the carrier 
induced antiguiding, due to lower con.finement factor, having less additional problems due to stress
induced changes of the effective refractive index. 
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Appendix A: Structures used to investigate repeated anodic oxidation as an etching methodfor 
dejining the stripe width in ridge waveguide devices 

APPENDIXA 

A) Appendix to Chapter 4: Structures used to investigate repeated anodic 
oxidation as an etching method 

Structure #1, MOCVD 

layer type thickness(µm) doping (cm ·3) Al contentx 

p contact LOO > 101• (3 x 1019) GaAs 

p cladding LOO LO x 1018 Alo.4sGao.ssAs 

active (MQW) 0.10 undoped GaAs/ Alo. 10Gao 90As 

n cladding 1.50 LO x 10' 0 Alo.4sGao.ssAs 

++ substrate > 2.0 x 101• GaAs n 

Structure #2, MOCVD 

layer type thickness (µm) doping (cm ·3) Al contentx 

p contact 0.10 > 10 1" GaAs 

p cladding 0.50 8 x 101' Alo60Gao.40As 

n cladding 0.70 5 x 10' 0 Alo 60Gao40As 

waveguide 0.27 5 x 1010 Alo 2sGao.1sAs 

spacer O.ü!O undoped GaAs 

(active) lno.2Gao.sAs 0.007 undoped 

spacer 0.010 undoped GaAs 

n waveguide 0.73 5 x 10' 0 Alo 25Gao 1sAs 

n cladding 0.75 6 x 1010 Alo.J 1 Gao.69As 

n cladding 0.75 l.Ox 101" Alo.31 Gao.69As 
++ substrate >2.0 x JO'" GaAs n 
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AppendixA 

Structure #3, MBE 

layer type thickness (µm) doping (cm ·3) Al contentx 

p contact 0.15 > 10'" GaAa 

p cladding 1.50 5 x 1017 Alo 3sGao.62As 

p cladding 0.50 5 x 1016 Alo 3sGao.62As 

waveguide 0.15 undoped Alo30Ga~n0As 

active 0.008 undoped GaAs 

waveguide 0.15 undoped Alo.JoGao 70As 

n cladding 0.50 5 x 1016 Alo1sGao62As 

n cladding 1.50 5 x 1011 Alo1sGao.62As 

++ substrate >2 x 101" GaAs n 

Structure #4, MBE 

layer type thickness (µm) doping (cm -3) Al content x 

p contact 0.10 > 10'" GaAs 

p cladding 1.35 5 x 1017 Alo.22Gao_78AS 

p cladding 0.40 2.5 x 10'° Alo.1 sGao ssAs 

grading 0.08 undoped Alo.1 sGao.ssAs-GaAs 

active DQW(2 x 55 Ä) undoped GaAs 

grading 0.08 undoped GaAs-Alo.1 sGao.ssAs 

n cladding 0.40 2.5 x 10"' Alo.1 sGao.ssAs 

n cladding 1.35 5 x 1017 Alo.22Gao_78AS 

++ substrate >2 x 101" GaAs n 
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Appendix B: Transversal layer structure for different symmetrie and asymmetrie low confinement 
designs 

APPENDIXB 

B) Appendix to Chapter 5: Transversal layer design for investigated structures. 

Table 1. SQW 6 run symmetrie structure, confinement factor I' = 1.1 x 10-2 (MBE) 
For threshold current and differential efficiency dependencies see Fig. 5.2 a), h). 

layer type composition thickness (µm) type doping 
index (cm-3) 

p++ contact 0.00 0.15 p++ 5 x 1018 

p confinement 0.36 1.50 p 5 x 1 O" 
p confinement 0.36 0.50 p 1.5 x 1016 

harrier 0.27 0.15 - undoped 
QW 0.00 0.006 - undoped 

harrier 0.27 0.15 - Ul).dooed 
n confinement 0.36 0.50 n 1.5 x I0 1b 

n confinement 0.36 1.50 n 5 x 1 O" 
++ suhstrate 0.00 ++ 2 x 1018 n n 

Table 2. SQW 8 run symmetrie structure, confinement factor r = 1.5 x 10-2 (MBE) 
For threshold current and differential efficiency dependencies see Fig. 5.3 a), h). 

layer type composition thickness (µm) type doping 
index (cm-3) 

p ++ contact 0.00 0.15 p++ 5 x 10' 0 

p confinement 0.38 1.50 p l x 1018 

p confinement 0.38 0.50 p 1 x 10" 
harrier 0.30 0.15 - undooed 

QW 0.00 0.008 - undoped 
harrier 0.30 0.15 - undoped 

n confinement 0.38 0.50 n 1 x 1017 

n confinement 0.38 1.50 n 1x1018 

++ suhstrate 0.00 ++ 2 x 1018 n n 

Table 3. DQW 2 x 5.5 run symmetrie structure, confinement factor per well r = 7.5 x 10-3 (MBE) 
For threshold current dependence see Fig. 5.4 a). 

layer type composition thickness (µm) Type doping 
index (cm-3) 

p++ contact 0.00 0.10 p++ > 2 x 1018 

p confinement 0.38 2.50 p 5 x 1011 

p confinement 0.38 0.60 p 5 x 10' 0 

grading 0.38-0.30 0.06 - undooed 
QW 0.00 0.0055 - undoped 

harrier 0.30 O.ül - undooed 
QW 0.00 0.0055 - undoped 

grading 0.30-0.38 0.06 - undoped 
n confinement 0.38 0.60 n 5 x l01b 

n confinement 0.38 2.50 n 5 x 101 1 

++ suhstrate 0.00 ++ 2 x 1018 n n 
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Appendix B 

Tab/e 4. SQW 6 run asymmetrie structure type 1, InGaAs/ AIGaAs system. r = 8 x 10·3 (MOCVD) 
For threshold current and differential efficiency dependencies see Fig. 5.6 a), b). 

layer type composition thickness (µm) type doping (cm -j) 
index 

p++ contact 0.00 0.10 p++ >! x 1019 

p confinemenl 0.60 0.50 p 8 x 101• 

n confinement 0.60 0.70 Il 5 x 10 11 

waveguide 0.25 0.27 n 5 x 10 1 1 

barrier 0.20 0.0278 - undoped 
QW Ino.20Gao.s0As 0.0060 - undoped 

barrier 0.20 0.0278 - undoped 
waveguide 0.25 0.73 Il 5 x 1017 

n confinemenl 0.31 0.75 Il 6 x 1011 

n confinement 0.31 1.50 Il l x 10 1• 

++ substrate 0.00 ++ 2 x 10' 0 Il Il 

Tab/e 5. SQW 6 nm asymmetrie structure type I, GaAs/AJGaAs syslem. r = 9 x 10·3 (MBE) 
For threshold current and differenlial efficiency dependencies see Fig. 5.5 b), c). 

layer type Composition thickness (µm) type doping (cm-J) 
index 

p++ contact 0.00 0.15 p++ 5 x 10' 0 

n confinement 0.60 0.70 Il 5 x 101 1 

waveguide 0.35 0.26 Il 1.6x 1016 

harrier 0.30 0.037 - undoped 
QW 0.00 0.006 - undoped 

barrier 0.30 0.037 - undoped 
waveguide 0.35 0.74 Il 5 x 10' 0 

n confinement 0.39 1.50 Il 1 x 10' 0 

++ substrate 0.00 ++ 2 x 101• Il Il 

Tab/e 6. SQW 8 run asymmetrie structure type II, GaAs/AIGaAs system. r = 8 x 10-3 (MBE) 
For threshold current dependence see Fig. 5.5 a). 

layer type composition thickness (µm) type doping (cm-3) 

index 
p++ contact 0.00 0.15 p++ 5 x 101• 

p confinement 0.38 1.50 p 5 x 1 O" 
p confinement 0.38 0.50 p 1.5 x 1016 

QW 0.00 0.008 - undoped 
n confinement 0.35 0.10 - undoped 

optical trap 0.20 0.20 n 5 x 1010 

n confinement 0.35 0.50 n 5 x 10' 0 

n confinement 0.35 2.50 n 5 x 1017 

++ substrate 0.00 ++ 2 x 10u n n 
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Appendix B: Transversal layer strueture for different symmetrie and asymmetrie low eonjinement 
designs 

Table 7. DQW 8 run asymmetrie structure type II, GaAs/AIGaAs system; r = 9.0 x 10-3/well 
(MBE) 
For threshold current and differential efficiency dependencies see Fig. 5.7 a), h). 

layer type composition thickness (µm) type doping (cm-J) 
index 

o++ contact 0.00 0.10 p++ > 2 x 1018 

p confinement 0.50 1.00 p 5 x 1 O" 
grading 0.50-0.20 0.10 - undooed 
ow 0.00 0.008 - undooed 

harrier 0.20 0.01 - undoped 
QW 0.00 0.008 - undooed 

grading 0.20-0.50 0.10 - undoped 
n confinement 0.50 0.05 - undoped 

ootical trao 0.20 0.17 n 5 x 1010 

n confinement 0.37 0.20 Il l x 1011 

n confinement 0.37 2.30 n 5 x 10" 
++ suhstrate 0.00 ++ 2 x 1018 Il Il 

Table 8. DQW 6 run asymmetrie structure type II, InGaAs/AIGaAs system; I' = 7.6 x 10·3/well 
(MOCVD) 
For threshold current and differential efficiency dependencies see Fig. 5.7 c), d). 

layer type comp. index thickness (µm) type doping (cm·') 
p ++contact 0.00 0.10 p++ >5 x 1018 

p confinement 0.60 1.00 p 5 x 1011 

grading 0.60---?0.20 0.16 - undoped 
spacer 0.00 0.0018 - undoped 

active Ino.20Gao.s0As 0.006 - undooed 
spacer 0.00 0.0018 - undooed 
harrier 0.20 0.006 - undooed 
spacer 0.00 0.0018 - undoped 

active lno.20Gao.s0As 0.006 - undoped 
spacer 0.00 0.0018 - undoped 
grading 0.20---?0.60 0.16 - undoped 

waveguide 0.60 0.10 Il 101 1 

grading 0.60---?0.30 0.02 n 1017 

optica\ trap 0.30 0.22 n 101 1 

grading 0.30---?0.45 0.01 Il 1011 

n confinement 0.45 0.70 n 5 x 1011 

n confinement 0.45 2.00 Il 101• 
++ suhstrate 0.00 ++ n n 
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Summary 

Summary 

This thesis presents the results of studies related to optumsation of high power 
semiconductor laser diodes using the low confinement concept. This implies a different approach in 
designing the transversal layer structure before growth and in processing the wafer after growth, for 
providing the optima! amount of lateral index-guiding. Basically, for the transverse direction, the 
maximum of the optica! field distribution is shifted away from the active layer, in order to increase 
the spot size, i.e. to decrease the confinement factor and to correspondingly increase the available 
output optica! power before catastrophic optica! degradation. 

Optica! modelling in the transversal direction using the transfer matrix method is in genera! 
reliable. The layer structures are designed to have the absorption coefficient lower than 1 cm·' and 
the required confinement factor that should correspond to a value of the spot size d / r in the range 
of 0.8 - 1 µm. Due to the extension of the optica! field in the contact layer resonances may occur. 
These are to be avoided for our laser operation, since they are associated with increased losses and 
far-field distortions but on the other hand, this effect can be useful for other devices and some 
suggestions are given for application for DFB laser diodes. 

Using lower doping levels than usual, laser diode structures having very low values of the 
absorption coefficient of 1 - 1.5 cm·1 can be reproducibly obtained with both MBE and MOCVD 
growth techniques. 

High optica! power output of 1.8 W CW per uncoated facet of 50 µm wide stripe, L = 2 mm 
long devices having an asymmetrie transversal layer structure with optica! trap layer was 
demonstrated. Tuis represents an improvement by a factor of 2.5 if compared with conventional 
structures optimised for low threshold current. The COD level, as expected, increases inversely 
proportional to the spot size. 

In the lateral direction, carrier induced antiguiding is decreased proportional to the 
confinement factor. Weak index guiding allows in principle fundamental mode behaviour for output 
powers up to 1 W. In practice, thermal and stress effects put a lower limit on the strength of the 
built-in index-guiding needed to be introduced technologically. 

Thermal effects, that are studied here using high thresbold gain guided devices, can be 
minimised by lowering the threshold current. Thermal waveguiding is estimated to correspond to a 
step effective refractive index variation of w.tr "" 10·3 for an 8 µm wide stripe device and for an 
operating current density of 2500 A/cm2 . Unexpected effects affect the tempora! response of gain
guided and weakly index-guided laser diodes. The threshold current density depends on the pulse 
width and, contrary to what we should normally expect, it decreases when the putse width increases 
from 100 ns to l 0 µs . The typical decrease may be as large as 50 %, depending on the device. Also, 
there is a significant delay at threshold between the beginning of the optica! and electrical pulse. 
This delay is in the range of 3 - 5 µs and decreases above threshold. Even when it is no longer 
noticeable, the optica! pulse shows a gradual increase in the first microseconds after the beginning 
of the putse. In weakly index guided devices, the delay between the electrical and optica! pulses and 
the dependence of the threshold current on putse width are present toa lesser extent, and become no 
longer noticeable for w.rr > 2 x 10·3 . However, above threshold the optica! pulse shape is strongly 
affected by the appearance of the first or higher order modes. Corresponding to the peculiar optica! 
shape of the pulse, the far field becomes unstable and the spectrum broadens due to thermal drift. 
Very often, the "hybrid type" of kink is observed first and very soon after that changes into the 
"first-order type", when the first order mode is no longer coupled in phase with the fundamental 
one. At higher injection levels, typically the device shows multimode operation and the optica! 
pulse exhibits oscillations between modes. For 13.5 µm wide stripe, the maximum power available 
in the fundamental lateral mode for uncoated devices is 200-320 mW/facet and is thermally limited. 
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Summary 

Measurements were made in pulsed conditions using 10-30 µs pulse width and 10 ms between 
pulses. The corresponding current density is 2500-3000 Ncm2, which is in agreement with the 
optica! model presented in section 2.3. 

Stress-induced variations of the effective refractive index by the photoelastic effect can 
become important for weakly index-guided devices, depending on the stress in the oxide layer and 
on the ridge shape. They are evaluated here theoretically and experimentally for a profiled ridge 
waveguide laser diode. An antiguiding of fln.rr"' 8 x l 04 may occur be low the stripe region, leading 
to significant perturbations at the stripe edges. Together with thermal effects, it puts a lower limit on 
the built-in waveguiding to be introduced technologically. 

Threshold current density and its temperature dependence, apparent intemal efficiency 
above threshold and injected carrier density in harrier and optica! trap !ayers are studied bath 
theoretically and experimentally. If only the classica! drift-diffusion model was used for design, 
lower values of the intemal efficiency and higher values of the threshold current density were 
experimentally obtained if compared with modelling. We attributed these effects to the less efficient 
carrier capture in the QW region. As a consequence, the carrier population in the harrier layers is 
significantly larger than predicted by a classica! drift-diffusion model. After optimising the active 
region thickness and the barrier/confinement configuration, the target of our low confinement 
design was achieved: values of the threshold current density of 300 Ncm2, absorption coefficient of 
1 cm·' and CW operation up to 36 mW/µm for uncoated facets were measured for our devices. 

The series resistance is about 2 x 104 n-cm2, comparable with values typical for common 
symmetrie designs. This is a consequence of the fact that, even if somewhat lower doped, the 
thickness of the p-confinement layer is smaller and the maximum of the optica! field is displaced in 
the n-type layers. 

Repeated anodic oxidation was used here for defining the ridge-shaped stripe of laser diodes. 
Although anodic oxidation is a well known process for GaAs, very few reports are given in 
literature for AlxGa,_,As. The etch rate significantly decreases when the Al content x of the layer 
increases. This work reports the results of studies on the material etch rate as a function of Al 
content and the etch profile for laser structures grown on n+• substrates. It is found that this method 
offers an excellent etch depth contra!, with an accuracy of 20-30 nm for 1 µm total etch depth. 
Unfortunately, it can only be used for stripes wider than 10 µm, since the profile is strongly 
underetched for GaAs/ A~_60Ge!o.4oAs configurations used in laser structures. If only one material is 
etched, for example GaAs, the profile is norrnal, i.e. the underetch is approximately equal to the 
etch depth. As soon as the interface Al0 _60Ge!o_.oAs is crossed, the profile becomes more underetched. 

As a final conclusion, the concept of "low confinement" in laser diode structures proves to 
have definite advantages over the classica! design and is worthwhile to be developed further 
towards commercial CW devices. Mirror coating would improve the output power level by a factor 
of about 3 i f appropriate coatings are used. 

For the lateral behaviour, an interesting development is the tapered laser design using a low 
confinement structure. Due to less antiguiding it would allow fundamental lateral mode operation 
up to higher power output. For single emitters with low threshold current density, stress-induced 
effects have to be minimised by careful choice of the oxide used as well as the process parameters 
and heat treatrnent. 
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Samenvatting 

Samenvattin2 

In dit proefschrift worden de resultaten van een studie naar de optimalisatie van 
hoogvermogen halfgeleider laserdiodes uitgaande van het 'lage opsluitfaktor principe' 
gepresenteerd. Om verzekerd te zijn van een optimale indexgeleiding is een andere 
benaderingswijze bij het ontwerp van de transversale lagenstruktuur voor de groei en het processen 
van de plak na de groei nodig. Het 'lage opsluitfaktor principe' houdt in dat in transversale richting 
het maximum van de optische veldverdeling weggeschoven wordt van de aktieve laag om zo de 
afmeting van het nabije veld te vergroten, dat wil zeggen: de opsluitfaktor wordt verlaagd en 
daarmee wordt het maximaal haalbare uitgekoppelde optische vermogen voordat katastrofale 
optische schade (Catastrophic Optica! Damage : COD) aan de spiegels optreedt vergroot. 

Het modelleren van de golfgeleiding in transversale richting met behulp van de transfer 
matrix methode is in het algemeen betrouwbaar. De lagenstrukturen zijn zo ontworpen dat de 
absorptiecoëfficiënt lager is dan 1 cm-1 en de opsluitfaktor correspondeert met een spotafmeting d/I' 
van ongeveer 0.8 - 1 µm. Vanwege het doordringen van het optische veld tot in de contactlagen 
kunnen er resonanties optreden. Omdat deze resonanties aanleiding geven tot verhoogde absorptie 
en vervormingen in het verre veld moeten ze in ons geval vermeden worden. Het effekt kan echter 
wel nuttig zijn voor andere bouwstenen en een aantal suggesties wordt gedaan voor de toepassing 
ervan in DFB lasers. Door lagere dopingniveaus dan normaal te gebruiken kunnen, zowel met MBE 
als met MOCVD groei, laserdiodes met een zeer lage absorptiecoëfficiënt, 1 - 1.5 cm- 1, 

reproduceerbaar gegroeid worden. Voor een 2 mm lange, 50 µm brede stripe laser met een 
asymmetrische transversale lagenstruktuur en een optische opsluitlaag werd een hoog uitgekoppeld 
optisch vermogen van 1.8 Watt CW per ongecoat facet verkregen. Vergeleken met de gangbare 
voor lage drempelstroom geoptimaliseerde strukturen is dit een verbetering met een faktor 2.5. Het 
COD niveau neemt als verwacht evenredig met de spotafmeting toe. 

In de laterale richting neemt de ladingdrager geïnduceerde antigeleiding rechtevenredig met 
de opsluitfaktor af. Bij zwakke indexgeleiding kan vooruitgekoppelde vermogens tot ongeveer 1 W 
het optische veld zich in principe in de fundamentele mode bevinden. In de praktijk echter zorgen 
thermische- en stresseffekten voor de noodzaak via de technologie een minimum aan 
indexgeleiding te introduceren. De thermische effekten, die hier met behulp van gaingeleide lasers 
met een hoge drempelstroom geschat worden, kunnen worden geminimaliseerd door de 
drempelstroom laag te houden. In 8 µm brede stripe lasers en bij een stroomdichtheid van 2500 A / 
cm2 is thermische golfgeleiding verantwoordelijk voor een verandering in de effektieve 
brekingsindex van naar schatting MeJJ"' 10·3. Er blijken onverwachte effekten op te treden in de 
tijdresponsie van versterkingsgeleide en zwak indexgeleide lasers. De drempelstroomdichtheid 
hangt af van de pulsbreedte en neemt, in tegenstelling tot wat we zouden verwachten, af als de 
puls breedte toeneemt van 100 ns tot 10 µs. Afhankelijk van het device kan deze afname oplopen tot 
50 %. Ook blijkt er een signifikante vertragingstijd te bestaan tussen de elektrische en optische puls. 
Deze vertragingstijd kan zelfs 3 - 5 µs bedragen en neemt af boven de drempel. Ook wanneer de 
vertragingstijd verwaarloosbaar klein is neemt de optische puls in de eerste paar microseconden 
geleidelijk toe. De vertraging tussen de elektrische en optische puls en de afhankelijkheid van de 
drempelstroom van de pulsbreedte zijn bij zwak indexgeleide lasers in mindere mate aanwezig en 
worden verwaarloosbaar als óneff > 2 x 10-3. Boven de drempel echter wordt de vorm van de 
optische puls sterk bemvloed door de aanwezigheid van de eerste of hogere orde modes. In 
samenhang met de vervorming van de optische puls wordt het verre veld instabiel en verbreedt het 
spectrum ten gevolge van thermische drift. Zeer vaak wordt eerst een 'hybride kink' waargenomen 
die, wanneer de eerste orde mode niet langer fasegekoppeld is met de fundamentele mode, snel 
verandert in een 'eerste orde kink'. Bij hogere injectieniveaus vertonen devices vaak multimode 
gedrag en oscilleert de optische puls tussen de modes. Voor ongecoate 13.5 µm brede stripe lasers 
is het maximale uitgekoppelde vermogen in de fundamentele mode 200 - 230 mW / facet. Dit 
vermogen is thermisch begrensd. Er werden metingen uitgevoerd onder gepulsde condities met 10 -
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30 µs pulsbreedte en 10 ms tussen de pulsen. De hiermee corresponderende stroomdichtheid is 2500 
- 3000 A / cm2 hetgeen in overeenstemming is met het in paragraaf 2.3 gepresenteerde optische 
model. Variaties in de effectieve brekingsindex geïnduceerde door de mechanische spanning, het 
z.g. fotoelastische effekt, kunnen, afhankelijk van de spanning in de oxidelaag en de vorm van de 
ridge, in zwak indexgeleide lasers belangrijk worden. Ze worden hier theoretisch en experimenteel 
bepaald voor een golfgeleider laser diode met een geëtste ridge. Er kan een antigeleiding van l'lneJJ"" 
8 x 10-4 optreden onder de stripe wat belangrijke verstoringen aan de randen van de stripe tot gevolg 
heeft. Samen met thermische effekten maakt dit een minimum aan technologisch te introduceren 
golfgeleiding nodig. 

De drempelstroomdichtheid en haar temperatuurafhankelijkheid, de schijnbare interne 
efficiëntie boven de drempel en de geïnjecteerde ladingdragerdichtheid in de barriere en optische 
opsluitlagen werden zowel theoretisch als experimenteel bestudeerd. Als slechts het klassieke drift
diffusie model werd gebruikt bij het ontwerpen, werden experimenteel lagere waarden voor de 
interne efficiëntie en hogere waarden voor de stroomdichtheid gemeten in vergelijking tot het 
model. We hebben dit gegeven toegeschreven aan de minder efficiënte invangst van ladingdragers 
in de quantumput. Hierdoor is de ladingdragerconcentratie in de barrière lagen beduidend hoger dan 
voorspeld wordt door het klassieke drift-diffusie model. 

Na optimalisatie van de aktieve laag en de barrière/opsluitlaag configuratie werd het doel 
van het lage opsluitfaktor ontwerp bereikt: we konden voor onze devices een 
drempelstroomdichtheid van 300 A / cm2, een absorptiefaktor van l cm·1 en, voor ongecoate 
facetten, een CW vermogen van 36 mW / µm meten. De serieweerstand is ongeveer 2 x l 0-4 Q cm2, 

hetgeen vergelijkbaar is met de typische weerstanden voor gebruikelijke symmetrische ontwerpen. 
Dit is een gevolg daarvan dat, alhoewel wat lager gedoteerd dan normaal, de dikte van de p
opsluitlaag lager is dan gebruikelijk en het maximum van de optische veldverdeling verschoven is 
naar de n-type lagen. 

Om de stripe van de laserdiode te definieren is herhaalde anodische oxidatie toegepast. 
Hoewel anodische oxidatie een bekend proces is voor GaAs zijn er in de literatuur erg weinig 
gegevens te vinden voor Al.Ga1.xAs. De etssnelheid van het materiaal neemt sterk af naarmate het 
Al gehalte x in de laag toeneemt. In dit werk wordt eveneens verslag gedaan van ons onderzoek 
naar de etssnelheid van het materiaal als funktie van het Al gehalte en naar het etsprofiel voor 
laserstrukturen die op een n ++ substraat zijn gegroeid. Het blijkt dat de resultaten een buitengewone 
controle bieden over de etsdiepte : een nauwkeurigheid van 20 - 30 run bij een totale etsdiepte van 
1 µm is haalbaar. Helaas kan deze methode alleen gebruikt worden voor stripes breder dan 10 µm 
omdat het profiel een sterke onderets vertoont voor GaAs / A10.6Gao.4As configuraties zoals gebruikt 
in de laserstrukturen. Als maar één materiaal, b.v. GaAs, wordt geëtst is het profiel normaal, d.w.z. 
de etsdiepte is nagenoeg gelijk aan de onderets. Zogauw het A10.6Gao.4As grensvlak wordt 
overschreden treedt een sterke onderets op in het profiel. 

Als een laatste conclusie kunnen we stellen dat het 'lage opsluitfaktor concept' in 
laserdiodes zeker voordelen biedt ten opzichte van het klassieke ontwerp en dat het de moeite waard 
is dit concept verder te ontwikkelen voor toepassing in commerciële CW lasers. Met geschikte 
spiegelcoatings zou het uitgekoppelde laservermogen met nog een faktor 3 kunnen worden 
vergroot. 

Met betrekking tot het laterale gedrag is de getaperde laser met een lage opsluitfaktor een 
interessante toekomstige ontwikkeling. Omdat er hierin minder antigeleiding optreedt zou 
laserwerking in de fundamentele mode tot hogere uitgekoppelde vermogens mogelijk moeten zijn. 
Bij ernitters in de fundamentele modus met een lage drempelstroomdichtheid moeten 
spanningsgeïnduceerde effekten geminimaliseerd worden door een zorgvuldige keuze van de 
depositieparameters, de dikte en de warmtebehandeling van het oxide dat het injectiegebied buiten 
de ridge bepaalt. 
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Stellini:en 

1) The optimised design for high power operation of 850 and 980 run laser diodes is a compromise 
between having a low confinement factor and a low threshold current density. 

• Chapter 1, this work 

2) Thermal effects put a lower limit on the strength of the built-in lateral waveguiding in low 
confinement laser diodes. 

• Chapter 6, this work 

3) Although quantum well laser diodes are successfully used since at least ten years, physical 
processes involving quantum wells have still many unrevealed secrets. 

3) Repeated anodic oxidation and etching is a useful method for defining laser diode stripes wider 
than about 10 µm with good control of the etch depth. 

• Chapter 4, this work 

4) It should be possible to make DFB lasers using a single epitaxial growth process and locating 
the grating in the contact layer. 

• Chapter 2, this work 

6) Desperation and hard conditions are sometimes better drives to obtain good results than 
economical comfort. 

7) In comparison with business, working in research is funny: you need twice the education to get 
half the money. 

8) Stress has a significant effect not only on human beings, but also on the behaviour of laser 
diodes. 

9) In theory there is no difference between theory and practice. In practice there is. 

10) Most of the knowledge accumulated in science relies on what remains in the years of maturity 
from the child's unconscious joy of contemplating nature and finding hidden things. 

11) It seems that at the smaller level particles have their own character and effectively conspire 
against human attempt to predict what would happen with them. 

12) With the constant downscaling of the supply voltages in CMOS technologies the moderate 
inversion region becomes more and more important and the use of a charge sheet model with a 
precise description of the surface potentialis essential for analog circuit simulation. 

• Ronald van Langevelde, "A Compact MOSFET Model /or Distorsion Analysis in 
Analog Circuit Design", Ph. D. Thesis, Eindhoven University of Technology, Nov. 
1998 

13) Amplified spontaneous emission in cascaded semiconductor amplifiers can seriously degrade 
the signa! to noise ratio in an optica! fibre system. 

• J G.L. Jennen, "Noise and saturation ejfects in J. 3 J 0 µm high speed transmission 
systems with semiconductor optica! amplifiers", Ph. D. Thesis, Eindhoven University 
o/Technology, 1999 
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