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Abstract 

 

Vertical cavity lasers (VCLs) are of great interest as low-cost, high-performance light sources for 
fiber-optic communication systems. They have a number of advantages over conventional edge-
emitting lasers, including low power consumption, efficient fiber coupling and wafer scale 
manufacturing/testing. For high-speed data transmission over distances up to a few hundred meters, 
VCLs (or arrays of VCLs) operating at 850 nm wavelength is today the technology of choice. 
While multimode fibers are successfully used in these applications, higher transmission bandwidth 
and longer distances require single-mode fibres and longer wavelengths (1.3-1.55 µm). However, 
long-wavelength VCLs are as yet not commercially available since no traditional materials system 
offers the required combination of both high-index-contrast distributed Bragg reflectors (DBRs) 
and high-gain active regions. Earlier work on long-wavelength VCLs has therefore focused on 
hybrid techniques, such as wafer fusion between InP-based QWs and AlGaAs DBRs, but more 
recently the main interest in this field has shifted towards all-epitaxial GaAs-based devices 
employing novel 1.3-µm active materials. Among these, strained GaInNAs/GaAs QWs are 
generally considered one of the most promising approaches and have received a great deal of 
interest. 

The aim of this thesis is to investigate monolithic GaAs-based long-wavelength (>1.2 µm) VCLs 
with InGaAs or GaInNAs QW active regions. Laser structures - or parts thereof - have been grown 
by metal-organic vapor phase epitaxy (MOVPE) and characterized by various techniques, such as 
high-resolution x-ray diffraction (XRD), photoluminescence (PL), atomic force microscopy, and 
secondary ion mass spectroscopy (SIMS). High accuracy reflectance measurements revealed that n-
type doping is much more detrimental to the performance of AlGaAs DBRs than previously 
anticipated. A systematic investigation was also made of the deleterious effects of buried Al-
containing layers, such as AlGaAs DBRs, on the optical and structural properties of subsequently 
grown GaInNAs QWs. Both these problems, with their potential bearing on VCL fabrication, are 
reduced by lowering the DBR growth temperature.  

Record-long emission wavelength InGaAs VCLs were fabricated using an extensive gain-cavity 
detuning. The cavity resonance condition just below 1270 nm wavelength occurs at the far long-
wavelength side of the gain curve. Still, the gain is high enough to yield threshold currents in the 
low mA-regime and a maximum output power exceeding 1 mW, depending on device diameter. 
Direct modulation experiments were performed on 1260-nm devices at 10 Gb/s in a back-to-back 
configuration with open, symmetric eye diagrams, indicating their potential for use in high-speed 
transmission applications. These devices are in compliance with the wavelength requirements of 
emerging 10-Gb/s Ethernet and SONET OC-192 standards and may turn out to be a viable 
alternative to GaInNAs VCLs. 

 

Descriptors: GaInNAs, InGaAs, quantum wells, MOVPE, MOCVD, vertical cavity laser, VCSEL, 
long-wavelength, epitaxy, XRD, DBR 
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Acronyms and abbreviations 
 

AFM  atomic force microscopy 

BAC band anticrossing 

CAPS cavity-phase shift 

CW continuous wave 

DBR distributed Bragg reflector 

DFB distributed feedback 

DMHy dimethylhydrazine 

DQW double quantum well 

FP Fabry-Perot 

FWHM full width at half maximum 

GaInNAs gallium indium nitride arsenide, pronounced “gainas” 

InGaAs  indium gallium arsenide 

L-I light-current 

L-I-V light-current-voltage 

LW long-wavelength, usually refers to 1.3/1.55-µm 

MBE molecular beam epitaxy 

MOVPE metal-organic vapor phase epitaxy (same as MOCVD) 

MQW multiple quantum well 

PL photoluminescence 

QW quantum well 

RTA rapid thermal annealing 

SIMS secondary ion mass spectroscopy 

SONET Synchronous Optical NETwork 

SQW single quantum well 

TBAs tertiarybutylarsine  

TEM transmission electron microscopy 

VCL  vertical cavity laser, or vertical-cavity surface emitting laser (VCSEL) 

XRD x-ray diffraction 

[X] concentration of X 
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1 Introduction 
During the last decade we have witnessed a tremendous increase in communication bandwidth, 
mainly as a result of the fast development of the Internet. Vast fiber optical networks with high 
demands on capacity and reliability connect cities and countries around the world. To support this 
development large efforts have been made towards improving the performance of optical fibers, 
semiconductor lasers, optical amplifiers, modulators, switches and detectors. With increasing 
production volumes and automation many key components have become cheaper, leading to a rapid 
migration of the optical technology into small-scale applications where copper wires were 
previously used. 

For long-haul links the number of transmitters is limited and the price per transmitter is not critical. 
On the other hand, in shorter distance applications, such as metro/access networks and local area 
networks (LAN), the number of transmitters is high and low-cost devices become of importance. 
We therefore see a trend towards inexpensive components with a high degree of functionality 
integrated at an early stage of the design. One example of this trend is the vertical cavity laser 
(VCL)*. Today, VCLs operating at 850 nm wavelength completely dominate the market for high 
bit-rate short-distance data communication. Linear arrays of up to 12 parallel emitters with 2.5 
Gbit/s per channel are commercially available for data transmission over hundreds of meters in 
standard multimode fibers. However, for longer distances conventional edge-emitting lasers in the 
1.3 or 1.55-µm wavelength regimes are still used, e.g. Fabry-Perot (FP) or distributed feedback 
(DFB) lasers. 

As compared to edge-emitting lasers, VCLs have a number of advantages. These include low 
power consumption, efficient fiber coupling and wafer scale manufacturing/testing.1 In other 
words, since the light is extracted perpendicular to the wafer surface a cost-saving device screening 
can be performed at an early stage of the fabrication process, and all fabrication steps, except 
packaging, can be performed on the entire wafer. Furthermore, it follows that monolithic 2D arrays 
of emitters can be relatively easily fabricated for use in high-capacity parallel modules. By contrast, 
edge-emitting lasers cannot be tested until facet mirrors have been defined by, e.g. wafer cleaving, 
and these facets are usually coated with dielectric films to modify the resonator properties. 

A low-cost singlemode 1.3-µm VCL would extend the transmission distance from a few hundred 
meters to several kilometers, since singlemode fibers can be used with lower dispersion and 
attenuation. This should ideally be accomplished without any increase in costs by “standing on the 
shoulders” of today’s well-established 850-nm VCL technology. The availability of such 
inexpensive lasers and corresponding transceiver modules would drastically alter the market for 
many high bit-rate applications, where presently more expensive 1.3-µm DFB lasers dominate.  

Specifically, one needs to replace the quantum well (QW) active region of the 850-nm VCL with a 
lower bandgap alternative, preferably something that allows monolithic integration with the rest of 
the structure during epitaxial growth. Type-II GaAsSb/GaAs QWs (with confinement only in the 
valence band)2,3 or InAs/GaAs quantum dots4,5 have been devised for 1.3-µm emission on GaAs, 
but so far the most successful approach is GaInNAs/GaAs QWs, first proposed in 1996 by Kondow 
and coworkers.6,7,8 Based on the relatively large conduction band offset of GaIn(N)As/GaAs they 
predicted a significantly reduced temperature sensitivity of the threshold current (characterized by 

                                                 
* Also called vertical cavity surface emitting laser (VCSEL) 
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the so-called T0 parameter), as compared to InP-based active regions used in conventional 1.3-µm 
edge-emitting lasers. Although the measured T0 values scatter considerably between different 
research groups,9,10 such an improved temperature performance is indeed observed experimentally, 
and has prompted some interest in replacing InP-based technology at 1.3-µm altogether. 

Other, conceptually different approaches involve hybrid techniques in order to benefit from the 
well established InP-based QW technology at 1.3 or 1.55-µm wavelength, while at the same time 
avoiding the drawbacks of InP-based mirrors. High performance VCLs at 1.3 and 1.55 µm 
wavelength have thus been fabricated by embedding InP-based QW active layers between 
AlGaAs/GaAs mirrors using wafer bonding.11,12 There are also approaches which include InP-
based mirrors in combination with advanced processing schemes for current injection and heat 
dissipation.13,14 The drawback of all these methods is that the fabrication procedure becomes rather 
complex and it is remains to be seen whether the requirements of low-cost fabrication can be met. 

While high performance 1.3-µm GaInNAs VCLs have recently been realized,7,8,15 there are still 
concerns regarding their process yield and reliability. Fabrication is complicated by the very limited 
epitaxial growth parameter window and devices tend to show strong “burn-in effects”, i.e. changing 
output power during initial operation. The latter property is possibly related to a considerable 
annealing-induced blueshift of the bandgap. That much remains to be done or that alternative paths 
should be tried is demonstrated by the fact that aspiring VCSEL vendors have all missed their 
targets for delivery so far. There are presently hesitations among several companies that have state-
of-the-art results whether to continue their activities on 1.3-µm GaInNAs VCLs.16 

The aim of this thesis is to investigate monolithic GaAs-based long-wavelength (>1.2 µm) VCLs 
with InGaAs or GaInNAs QW active regions. Regardless of which technology for the active 
regions will prevail in the end, it is believed that the simplicity and the close similarity of this all-
epitaxial approach to that of today’s commercial 850-nm VCLs is essential to success in large-scale 
production. However, while the overall device design and post-growth processing is cost-saving by 
this similarity, the optimum epitaxial growth conditions are very different for long-wavelength 
devices. Attention has therefore been given to metal-organic vapor-phase epitaxy (MOVPE) 
optimization of the different building blocks. In this, important questions about doping-induced 
optical losses in mirrors have been addressed, as well as problems with GaInNAs QW growth on 
buried Al-containing layers. It is found that n-type doping is more detrimental to mirror reflectance 
than previously anticipated, but also that reduced mirror growth temperatures are beneficial in both 
respects.  

By optimized growth conditions (low growth temperature, very low growth rate, high V/III ratios) 
GaInNAs single QWs with very narrow photoluminescence line-widths have been achieved (<40 
meV) at 1300 nm. Corresponding broad-area edge-emitting lasers show lasing thresholds below 0.8 
kA/cm2, which is close state-of-the-art for MOVPE-grown devices. In parallel, growth conditions 
of highly strained InGaAs QW has also been optimized for narrow linewidth PL emission at peak 
wavelengths beyond 1200 nm. 

Record-long emission wavelength InGaAs VCLs were fabricated using these improved growth 
conditions in conjunction with an extensive gain-cavity detuning. The cavity resonance condition 
just below 1270 nm wavelength occurs at the far long-wavelength side of the gain curve. Still, the 
gain is high enough to yield threshold currents in the low mA-regime and a maximum output power 
exceeding 1 mW, depending on device diameter. Direct modulation experiments were performed 
on 1260-nm devices at 10 Gb/s in a back-to-back configuration with open, symmetric eye 
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diagrams, indicating their potential for use in high-speed transmission applications. It should be 
noted that an emission wavelength of >1260 nm is sufficient for many singlemode applications, 
such as 10-Gb/s Ethernet17 or SONET OC-19218. Vertical-cavity lasers based on highly strained 
InGaAs QWs can thus be made to comply with these wavelength requirements of these standards 
and may very well turn out to be a viable alternative to GaInNAs-based ones for 1.3-µm. They 
would clearly have an advantage from a fabrication-point-of-view, with better controllable growth 
and materials properties, but there are still issues in relation to their development that need to be 
considered. 

An important aspect of VCL fabrication is the design of the mirrors, or “distributed Bragg 
reflectors” (DBRs). Due to the small volume of active material the round-trip gain is very limited, 
and the mirrors must typically provide a reflectance in excess of 99%; see Fig. 1. At the same time 
they should serve as low-resistance contacts for the current injection − a requirement partially in 
conflict with the first due to the large number of heterobarriers involved. An introduction to the 
subject is given Sections 2.1 and 2.2, followed by a discussion of Paper A in Section 2.3. Based on 
measurements of the absolute reflectance, the results from this paper underlines the necessity of 
considering not only the amount of p-type doping, but also the n-type doping in reducing the 
optical losses in 1.3-µm VCLs. Section 0 continues with an discussion of the high-resolution x-ray 
diffraction (XRD) techniques which were used to characterize both DBRs and QWs. It concludes 
with a presentation of Paper B, in which a formula is derived for the extraction of individual layer 
thicknesses in a DBR using a single XRD pattern. This work originated during preparation of Paper 
A. 

In Section 3 the reader is given a brief review of some important, recent results regarding the band 
structure of GaInNAs and related “dilute nitride” alloys. Some of these results are needed to 
interpret the findings of this thesis, notably Papers C, D, and E.  

Fig. 1. Simplified illustration of (a) an edge-emitting DFB laser and (b) a 2D array of monolithic VCLs. The DFB laser 
has the distributed Bragg  grating, as well as the QW active material along the entire physical cavity, typically being a 
few hundred µm long. The cleaved facet semiconductor-air interface gives ∼30% mirror reflectance, which can be 
modified by applying antireflection (∼5%) or high reflection (∼95%) films. By contrast, the dimensions of a VCL along 
the light propagation direction is much smaller, typically ≤ 10 µm. Vertical mirrors consisting of alternating low- and 
high-index layers surround a one-lambda cavity with the active material, the total thickness of which is only a few ten 
nm. The round-trip gain is therefore very low, and the mirrors must have a reflectivity in excess of 99% in order to 
reach lasing threshold. 
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Section 4 begins with a brief introduction and equipment description of the metal-organic vapor 
epitaxy (MOVPE) reactors used to fabricate the laser structures presented in this thesis. Then 
MOVPE issues related to specific materials are discussed − including the challenging GaInNAs 
materials system − in Sections 4.4-0. In this context, results from Papers C and D are presented 
about the structural and optical properties of GaInNAs multiple quantum wells (MQWs). This is 
followed by a study (Paper E) of the deleterious effect of buried, Al-containing layers on GaInNAs 
QW quality, a problem with potential bearing on e.g. VCL fabrication. This section is concluded by 
broad-area (BA) edge-emitter laser results and GaInNAs growth parameter optimization (Papers F 
and G). 

The InGaAs VCL results corresponding to Papers H and I are finally presented in Section 0, plus a 
brief account of the attempts of reaching lasing in our GaInNAs VCL structures. 

 

2 Distributed Bragg reflectors 

2.1 Principles 
Vertical cavity lasers have a very limited round-trip gain and therefore rely on highly reflective 
mirrors. A distributed Bragg reflector (DBR) is a mirror based on the constructive interference of 
light reflected from index-steps in a layer stack of alternating low- and high-index materials. At the 
transition from low to high index material a fraction of the light wave is reflected with π phase 
shift. The corresponding phase shift when going from high to low index material is zero; see Fig. 2. 
By choosing the layer thicknesses as quarters of the desired reflectance wavelength the reflections 
will add in phase, creating a standing wave with the nodes at the low- to high-index interfaces. The 
reflectance and transmission coefficients at each interface are19 

21
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where n1 and n2 are the refractive indices of the incoming and transmitted wave media, 
respectively. Thus, in material combinations with a large refractive index contrast 21 nnn −=∆  only 
a few periods suffice to obtain a high reflectivity. Optical interaction with multilayer structures 
such as these can conveniently be calculated using a 2 × 2 transfer matrix formalism.20 The 

Fig. 2.  Phase shift of the reflected amplitude in DBRs. 
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transmission matrix relating the left and right propagating optical fields across an interface is 
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The corresponding matrix for the bi-directional transmission across a layer of thickness d and 
complex refractive index iknn +=~  (including loss) is given by 
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A representation of the full DBR structure is obtained as the matrix product Ttotal of all 
corresponding interface and layer transmission matrices. Assuming T22=0 at the end of the stack, 
i.e. that no light enters the reflector from outside, the total amplitude reflectance is obtained as 
rtotal=(Ttotal)21/ (Ttotal)11. Non-abrupt, graded interfaces are treated by dividing the interface regions 
into a sufficient number of constant composition layers and applying Eqs. (1) and (2) to each of 
them. The calculations are easily implemented in e.g. a Matlab™ script file. 

A DBR with alternating layers of thickness d1 and d2 and refractive index n1 and n2 exhibits high 
reflectivity over a limited wavelength range around the center wavelength )(2 2211 dndnC +=λ  (and 
also around 3/Cλ , 5/Cλ , 7/Cλ , etc.). The band width λ∆  increases with the refractive index contrast 

n∆  and approaches, in the limit of infinite number of layer pairs21 
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In the absence of absorption, the air-semiconductor peak reflectance for an m period DBR on a 
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where n0, nL, nH, and ns are the refractive indices of air (=1), the low and high index materials, and 
the substrate, respectively. According to this formula it would be possible to an arbitrarily high 
reflectance by letting m→∞. In real materials, however, there are always optical losses and the 
maximum reflectance is limited by these. 

2.2 Long-wavelength semiconductor DBRs 
Compared to dielectric mirrors, semiconductor DBRs offer the advantage of being reasonably good 
electrical conductors at the same time as they can be monolithically integrated with the rest of the 
structure during epitaxial growth. This limits the range of selectable DBR materials to alloy 
compositions lattice-matched either to InP or GaAs, which are the substrates on which active 
materials for long-wavelength emission (1-1.5 µm) can be grown. Semiconductor DBRs in the 
InGaAsP/InP system were proposed already in 1985.22 A drawback with this materials system is 
the small available refractive index contrast n∆ , being only 0.3 for mirrors designed for 1.55 µm 
operation. Thus, as many as 45-50 periods are necessary to obtain the required reflectance, and the 
situation is even worse for InGaAsP/InP mirrors designed for 1.3 µm operation, where n∆  is 
further reduced in order to avoid absorption.23 One of several alternative materials systems lattice-
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matched to InP is AlGaAsSb/AlAsSb,24 which has a higher refractive index contrast and therefore 
requires only 20-30 periods; see Table I. However, the main drawback of all quarternary 
semiconductor DBRs is their low thermal conductivity, resulting from alloy phonon scattering.25 
An better thermal conductivity in combination with a fairly large refractive index contrast is 
provided by the AlGaAs/GaAs system, presently the standard choice for DBRs in commercial near 
infrared (<1 µm) VCLs. The epitaxy and processing technology for this materials system is well 
established, and it is possible to fabricate good DBRs also for 1.3-1.55 µm wavelength. 

Optical and thermal properties of semiconductor DBR materials lattice-matched to GaAs (first two 
pairs) and InP are given in Table I. Of these, only the AlAs/Al0.2Ga0.8As combination is presently 
used in commercially available VCLs. The dielectric materials combination Si/SiO2 is included for 
comparison. 

2.3 Optical loss in AlGaAs/GaAs DBRs 

2.3.1 Free carrier absorption 
Due to the low-round trip gain in a VCL the DBRs need to possess a very high reflectance, 
typically in excess of 99.5%, but they should also serve as low-resistance contacts for current 
injection and allow effective heat dissipation from the active region. This imposes requirements on 
reflectance, series resistance and thermal conductivity that are partially in conflict.  

While a high doping concentration is effective in reducing the series resistance, it is also connected 
with increased optical losses due to free-carrier or intervalence band absorption. Such losses are 
known to be more pronounced for p-type material and to increase with increasing wavelength.29 
Optical absorption data for n-type and p-type bulk GaAs taken from the literature are presented in 
Table II. In order to reduce electrical resistance in the DBRs while maintaining a high reflectance, 
we have included linearly graded interfaces over 15 or 40 nm. The penalty in terms of reduced 

Table I.  Optical and thermal properties of DBR materials for use on InP and GaAs substates. The thermal conductivity  
κ  is given for bulk layers, and the optical loss α  for semiconductors refer to undoped mirrors.  

DBR materials 
n  

(@ wavelength in µm) 
n∆  

κ  (bulk layer) 

(W cm-1 K-1) 

α  

(cm-1) 

GaAs 
Al0.9Ga0.1As 

3.44   (1.3)a 
2.99   (1.3)a 0.45 0.44 

0.26 <10 

Al0.2Ga0.8As 
AlAs 

3.46   (0.87)a 
2.98   (0.87)a 0.48 0.15 

0.91 
<10 
<10 

InP 
air 

3.17   (1.55)a 

1.00   (1.55) 2.17 0.68 

<0.1 
<10 
0 

InGaAsP(λg=1.42 µm) 
InP 

3.47  (1.55)b 
3.17  (1.55)b 0.3 0.046 

0.68 
<10 
<10 

Al0.2Ga0.8As0.52Sb0.8 
AlAs0.56Sb0.44 

3.55  (1.55)b 
3.15  (1.55)b 0.4 0.042 

0.057 
- 
- 

α-Si 
SiO2 

3.48  (1.55)c 

1.53  (1.55)c 1.95 0.026 
0.012 

400-3300 
40 

a Ref. [26] 
b Ref [27] 
c Ref [28]
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reflectance is low. Calculated reflectance spectra for 1.3 µm AlGaAs/GaAs mirrors with different 
types of interfaces and various amounts of distributed optical loss α are shown in Fig. 3. As a 
general rule, for a fixed number of periods the peak reflectance value is sensitive to the optical loss, 
while the stop-band width (FWHM) is more sensitive to the interface profile. In the limit of 
increasing number of periods, the peak reflectance is determined solely by the optical loss in the 
structure. 

2.3.2 Other doping–induced losses 
Our investigations of 1.3-µm wavelength AlGaAs/GaAs DBRs with various doping levels shows 
that additional optical loss mechanisms must be considered in the case of n-type doping (paper A). 
While nominally undoped and p-type DBRs exhibit a peak reflectance in agreement with the 
optical absorption discussed above, the striking observation is made that the reflectance decreases 
much more rapidly with n-type doping; see Table II. High-accuracy absolute reflectance 
measurements30,[Paper A] at a fixed wavelength were performed in combination with spectral 
reflectance and structural characterization by XRD in order to be provide input data for transfer-
matrix calculations. Interestingly, the XRD measurements reveal that the interfaces become less 
abrupt with n-type doping. Both interface abruptness and optical reflectance is further degraded by 
prolonged exposure to the DBR growth temperature under AsH3-stabilized conditions. This is 
remarkable, since as discussed in the previous section, homogeneous graded interfaces would have 
very little effect on the peak optical reflectance. In contrast, the undoped and p-type DBRs show 
neither structural nor optical degradation in response to similar heat treatments. 

The reduced interface abruptness of the n-type DBRs suggest enhanced Al-Ga self diffusion, or 
specifically, impurity-induced layer disordering. Since group III lattice atom diffusion must 
proceed through native lattice defects of the crystal − either group III vacancies or group III 
interstitials − the self-diffusion rate will be dependent on both diffusion rate and concentration of 
these native defects. Their equilibrium concentration is controlled by the group V vapor pressure 
over the crystal as well as the Fermi level. Excess arsenic vapor pressure favors the creation of 

 

 

 

 

 

 

 

 

 

Fig. 3.  Calculated reflectance spectra of AlGaAs/GaAs DBRs designed for 1.3 µm wavelength with (solid line) abrupt 
interfaces, α=5 cm-1, (dotted line) linearly graded interfaces over 40 nm with α=5 cm-1, and (dashed line) with abrupt 
interfaces and α=50 cm-1. 



 15

group III vacancies near the solid-vapor interface while reducing the concentration of group III 
interstitials, and vice versa. The former defects create acceptor levels, whereas the latter create 
donor levels in the bandgap. Strong doping can either increase or decrease the solubility of either 
type of native defect, depending on the Fermi level position.31 During epitaxy, where group V is 
supplied in excess, the self-diffusion process is vacancy-controlled.  A strong n-type doping favors 
these native defects, while p-type doping opposes them, effectively changing the Al-Ga self-
diffusion rate. Hence the structural stability of the Zn doped p-type mirror.  

The Al-Ga interdiffusion lengths extracted from the satellite peak intensities of the XRD patterns 
represent values averaged over a large sample area. As transfer-matrix calculations show, by using 
these values and assuming lateral interface homogeneity it is not possible to account for the 
observed optical peak reflectance degradation. However, lateral fluctuations in the interdiffusion 
rate caused by local differences in the Fermi level and/or defect concentration may case 
compositional fluctuations in the interdiffusion process. An interface roughness with a lateral 
length scale of the order of 0.1-10 µm is proposed, which could account for the increased optical 
losses by interface scattering. Such a loss mechanism would be rather wavelength independent, and 
should be of concern also for shorter wavelength VCLs. Indeed, Huffaker et al observed improved 
performance in MBE-grown 850-nm VCLs by using intracavity contacts in combination with an 
undoped bottom DBR. Based on detailed VCL characteristics they relate the improved performance 
to reduced loss in the bottom DBR.32 Interface roughness has also been observed in situ during 
MOVPE growth of visible VCL structures using reflectance spectroscopy. Haberland et al observed 
a gradually increasing roughness of the n-type AlAs/AlGaAs bottom DBR that significantly 
decreased in the p-DBR. However, they attributed this to a stabilizing effect of the In introduced 
during growth of the AlInGaP cavity.33 
 

Table II.  Comparison between the distributed optical loss extracted from n- and p-type 1.3 µm wavelength AlAs/GaAs 
DBRs, and optical absorption data for correspondingly doped bulk GaAs taken from the literature. The data comes 
from Paper A. 

Doping 

(1018 cm-3) 
Interface design 

Extracted loss 

(cm-1) 

Bulk absorption 

(cm-1) 

p 2 abrupt 55±20 30a 

undoped abrupt 5±5 < 5 

n 1 abrupt 63±20 

n 1 40 nm 55±20 
5b 

n 5 abrupt 150±20 

n 5 40 nm 155±20 

30c 

20d 

10e 
a Optical absorption α=15×10-18 cm2 × p, Ref. [29] 
b n-type GaAs:Se, electron concentration 1.1×1018 cm-3, Ref. [34] 
c n-type GaAs:Se, electron concentration 5.4×1018 cm-3, Ibid. 
d At λ=0.95 µm, n-type GaAs:Si, electron concentration 6.7×1018 cm-3, Ref. [35] 
e n-type GaAs:Si, electron concentration 3×1018 cm-3, Ref. [29] 
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2.4 Detailed XRD characterization 
X-ray diffraction (XRD) is a standard tool for structural characterization of semiconductor 
heterostructures, allowing for non-destructive, fast, and accurate determination of thickness, strain 
and crystal perfection of complicated multilayers. It is particularly powerful when applied to 
periodic multilayer structures, or superlattices, where additional parameters such as interface 
quality, interface compositional grading, and periodicity deviations can be assessed in conjunction 
with simulations.36 Figure 4 shows the optics of a modern x-ray diffractometer for use with single 
crystalline samples, such as the quantum well structures and DBRs presented in this thesis. X-ray 
radiation from a Cu-target passes through a four-crystal Bartels monochromator where all 
wavelengths other than Cu Kα1 is blocked. The monochromatic beam, having a width of 1 mm and 
a very small divergence of approximately 0.002° enters the sample at an angle ω to the surface, 
which is not necessarily identical to the Bragg diffraction angle θ of the (hkl) crystal plane of 
interest. The diffracted beam is still monochromatic, but has a angular divergence caused by 
various sample imperfections such as point defects, mosaicity, interface roughness, and wafer 
bending. For strongly diffracting layers even air scattering of the diffracted beam must be taken 
into account. A conventional, open detector with its large acceptance angle records the integrated 
signal over a solid angle determined by its aperture, and is thus unable to distinguish between e.g. 
diffuse scattering caused by imperfections and compositional grading along the growth direction. A 
particular problem encountered during the work presented in this thesis is the level of diffuse 
scattering around the substrate peak, which distorts the diffraction patterns from weakly diffracting 
layers, such as single quantum wells. 

By using a third set of crystals in front of the detector aligned so as to satisfy the Bragg condition 
for the x-ray wavelength it is possible to reduce the acceptance angle significantly, while 
maintaining a reasonable throughput. The acceptance angle ∆2θ is reduced from typically 1° (open 
detector) to 0.003°. Such a detector-analyzer crystal combination, commonly called “triple axis 
detector”, increases the signal to noise ratio significantly and allows for independent selection of 
well defined incident and scattered wavevectors at the sample. An important application is 
reciprocal space mapping of semiconductor structures, an example of which is given in paper B, 
Fig. 1. 

Fig. 4.  Configuration of a high-resolution x-ray diffractometer equipped with a triple axis detector. 



 17

Reciprocal space mapping as a diagnostic tool is, however, more powerful on structures with a 
higher degree of crystal imperfections than the QWs and DBRs presented here. The main use of 
triple-axis diffraction in this context has rather been to reduce diffuse air scattering in the vicinity 
of the substrate peak during coupled (004) ω-2θ scans. This is particularly important for the 
characterization of single quantum wells, since it is otherwise not possible to achieve a good fit 
with simulation. Before having access to triple-axis diffraction we could not characterize single 
quantum wells by XRD, but had to grow structures with three periods or more in order to obtain 
sufficient detector signal-to-noise ratio (papers C and D). Furthermore, by using the triple axis 
detector the broadening effect of wafer bending on the closely spaced (002) satellite peaks of DBRs 
can be avoided; see paper B, Figs. 1 and 2. Due to the increased signal to noise ratio over 100 
satellite peaks are visible in such structures, which enables detailed analysis of interface abruptness, 
as demonstrated in paper A. 

Paper B contains a detailed discussion of parameters that affect high-accuracy XRD 
characterization of DBRs, such as wafer bending, finite beam size, and substrate miscut-induced 
lattice tilt. Based on the kinematical diffraction theory a formula is derived, by which the individual 
layer thicknesses of a DBR can be calculated. The input parameters are the satellite peak 
periodicity ωp and the periodicity ωbeat of a characteristic beating pattern among the satellites in the 
quasi-forbidden (002) reflection; see Paper B, Fig. 3. Effects of miscut substrates on substrate-layer 
tilt and fringe spacing are included. In addition, the formula enables determination of the relative 
strain between the layers also in the absence of a visible substrate peak, which often is too weak in 
the case of AlGaAs/GaAs DBRs. As demonstrated in the paper, the method is not limited to this 
system, but works equally well also for other materials systems with smaller structure factor 
contrasts, such as InP/InGaAsP and AlAsSb/AlGaAsSb. This method has routinely been used by us 
during calibration of growth rates and characterization of the DBRs in this thesis. 
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3 Properties of GaInNAs alloys 

3.1 Electronic properties 
The direct bandgap of many III-V semiconductor alloys,* such as GaInAs or GaAsSb, is usually 
well described by a composition weighted linear average between the bandgaps of the endpoint 
binary compounds plus a small deviation term: 

)1()1()CAB( ABAC1 xbxxEExE xxg −−+−=− .   (5) 

The coefficient of the deviation term, or the “bowing parameter” b is typically less than one eV and 
independent of composition. In contrast, the first photoluminescence results for dilute cubic 
GaNxAs1-x alloys in 199237 revealed an anomalous dependence of the bandgap energy on 
composition. The bandgap of the binary endpoint GaN is some 2 eV larger than that of GaAs, yet 
for an increasing N content the absorption and PL emission energy decreases rapidly. Later reports 
confirmed that the bowing parameter is very large but composition-dependent, being 15-20 eV for 
xN<0.05.38,39,40,41  

Early calculations of the GaNAs alloy bandgap based on the dielectric model of Van Vechten 
showed that the large electronegativity of the N atoms causes a reduction of the conduction band 
energy, and the calculated bowing parameter of 20 eV agreed very well with experimental data for 
N contents up to 2%.42 However, the model is limited in that it gives a constant, composition-
independent value of the bowing parameter. This leads to a predicted negative bandgap for a large 
range of compositions, in clear contradiction to later experimental results40,41 which showed that a 
strong reduction of the bowing parameter occurs around x=0.03-0.04.  

The bowing parameter dependence on composition was more successfully described by first-
principles supercell calculations by Wei and Zunger in 1996,43 where two important considerations 
were made. First, it was pointed out that local lattice deformation around the nitrogen atom 
positions plays a significant role for bandgap energy; the virtual crystal approximation (VCA) is 
not adequate due to the large As-N atomic size difference. Second, the charge exchange, which is 
proportional to the As-N atomic orbital energy difference, leads to a spatial separation and strong 
localization of the conduction-band edge and valence-band edge states. This charge localization 
depends on the nearest neighbor configuration and is reduced with increasing homogeneity of the 
environment, i.e. with increasing N concentration. Both effects were reported to have a large and 
composition dependent impact on the bowing parameter b, which was calculated to be 16 eV up to 
approximately 10% N. On the other hand, a smaller and almost composition-independent bowing 
parameter was expected for the intermediate 10-50% N range. The results agree fairly well with 
experimental data, which are available for nitrogen concentrations up to 15%.39 

A experimental breakthrough came in 1999 with the discovery of a nitrogen-induced splitting of the 
conduction band. Photomodulated44 and electromodulated45 reflectance measurements on thick 
(>0.5 µm) layers of GaInNAs and GaNAs showed expected features related to the fundamental 
bandgap transition energy E−, as well as features related to the conduction band-to-valence split-off 
band transition E−+∆0 in all samples, regardless of N content. However, for N concentrations ≥ 1% 
an additional transition E+ appeared on the higher energy side of the spectrum. Several important 

                                                 
* In the absence of direct-to-indirect band gap crossovers such as in AlGaAs   
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observations were made: (1) While the E− and E−+∆0 transitions move downwards with increasing 
N concentration, the E+ transition moves in the opposite direction. (2) The E− transition energy 
increases sublinearly, whereas the E+ transition increases superlinearly with increasing hydrostatic 
pressure. (3) The photoreflectance signal intensity of the E+ transition is at least one order of 
magnitude weaker than that of the E+ transition at atmospheric pressure, but the relative intensities 
gradually change with increasing pressure and the E+ transition intensity becomes, in fact, stronger 
than that of the E− transition at pressures ≥45 kbar.44 (4) The spin-orbit splitting energy ∆0 remains 
constant (∼0.34 eV) regardless of N content.  

The last observation strongly suggests that incorporation of N in Ga(In)As affects mostly the 
conduction band and has a negligible effect on the electronic structure of the valence band. To 
explain the other observations a simple two-level “band anticrossing” (BAC) model was 
introduced,44 in which a narrow band of highly localized N states interacts strongly with the 
extended conduction band edge states of the Ga(In)As host crystal. The resulting two levels E+ and 
E− are obtained as the solutions to the eigenvalue problem  

0
)(

=
−

−
EkEV

VEE

MNM

NMN ,     (6) 

where EM(k) and EN are the energies of the host crystal conduction band and the resonant nitrogen 
level, respectively. The interaction strength NMMNNM HHV ψψψψ ==  determines e.g. the extent 
of Nψ  admixture in the lower conduction band states −ψ , and is proportional46 to the square root of 
the nitrogen concentration. The highly localized EN level, which is observable in 
photoluminescence spectra from nitrogen-doped GaAs1-yPy:N alloys with y>0.2,47 as well as in 

Fig. 5.  Effects of hydrostatic pressure on the E− and E+ transition energies in GaN0.015As0.985 (open triangles) and 
Ga0.95In0.05N0.012As0.988 (filled triangles). The solid lines are theoretical results from Eq. (6) in Section 3.1. The inset 
shows the band structure in the vicinity of the Γ point. After Ref. [49]. 
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GaAs:N at pressures >23 kbar,48 lies approximately 0.25 eV above the conduction band minimum 
of GaAs and shows only a weak dependence on hydrostatic pressure and chemical environment. 
The empirical BAC model is able to reproduce experimental data very well;49 see Fig. 5. As the 
pressure increases the admixture of Nψ  in the lower conduction band state −ψ  increases, 
gradually changing the E− branch from extended EM-like to localized EN-like. Hence the gradual 
weakening of the E+ signal intensity.44  

A further consequence of the BAC model is an increased effective electron mass and strong 
conduction band non-parabolicity, i.e. a strong dependence of the mass on the wave vector; see 
inset of Fig. 5. The enhanced effective electron mass is consistent with confinement energy 
measurements on highly strained Ga0.62In0.38N0.015As0.985/GaAs quantum wells,50 and direct 
experimental confirmation of an increased electron effective mass has also appeared recently,51,52 in 
quantitative agreement with results predicted by the BAC model. 

However, one should keep in mind that although the empirical BAC model provides an excellent 
parametrization of experimental data and correctly predicts many properties of dilute Ga(In)NAs 
alloys, the detailed physical origin of the nitrogen-induced interaction between the E− and E+ levels 
is a subject of ongoing debate.53 Two main models that imply rather different character of the 
conduction band states have been discussed:  

1. According to the BAC model the E− conduction band has mainly delocalized character, whereas 
the E+ band has mainly localized character. The unusual pressure dependence is ascribed to a Γ-
EN anticrossing interaction that changes the character of the states from extended to localized 
(and vice versa). Theoretical support for this model is provided by tight-binding sp3s* supercell 
calculations46,54. The BAC model has been incorporated in three-band (2+N) k·P calculations,54 
as well as more comprehensive spin-degenerate 10×10 (4+N) k·P calculations of quantum well 
structures,55 using Hamiltonian matrix elements obtained from the tight-binding results.  

2. On the other hand, pseudopotential calculations in large supercells have indicated56 that the 
energy of the resonant s-like EN level should rise rapidly with increasing nitrogen composition, 
and it has been suggested that this level therefore only has a minor contribution to the formation 
of the E− subband. Instead, the substitution of N on an As site exerts such a large perturbation 
that the translational symmetry of the host crystal is broken. As a consequence, host crystal Γ, 
X, and L conduction band states mix thoroughly, and the E− and E+ subbands are formed mainly 
of a mixture of s-like Γ, L, and X states.56,57,58,59 According to this interpretation the E− state is 
localized (around the cations nearest to nitrogen). This interpretation is gaining increasing 
theoretical and experimental59,60 support.  

While the phenomenological two-level BAC model between the InGaAs conduction band edge and 
a single N level is practical and useful in e.g. band dispersion calculations, it cannot account for 
many other complex phenomena observed in GaInNAs.59 In specific, such effects as alloy 
fluctuations induced by N clusters (e.g. pairs and triplets) or bandgap fine structure due to nearest-
neighbor cation configuration (Ga or In)5561,62 are not represented by this oversimplified model. The 
latter effect is particular to quaternary III-V-N alloys and will be discussed in the next section.  
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3.2 Hydrogen-induced bandgap tuning 
Recently it was discovered that hydrogen irradiation of GaNyAs1-y (or GaInNyAs1-y) can lead to a 
complete reversal of the drastic bandgap reduction caused by N, while at the same time strongly 
reducing the PL intensity.63 In the dilute N content limit (y≤0.001) the effect is not that of a 
blueshift, but rather a full quenching of the rich structure of N cluster-related luminescence lines. 
Moreover, regardless of composition, a subsequent thermal annealing results in an almost complete 
recovery of the optical properties the alloy had before the hydrogenation.64,65 This suggests that N 
is reversibly passivated by H, but while basically any N-H complex configuration is able to reduce 
the local strain energy, only a few configurations do actually neutralize the optical activity of N. At 
low [H]/[N] ratios the N-H+(BC) bond center configuration dominates,* acting as an electron donor 
with only a minor effect on the bandgap. For [H]/[N] ratios close to one, the most stable 
configuration is the charge neutral N-H*

2(BC-ABN) bond center-antibond complex, which 
effectively eliminates the effect of N on the bandgap.66,67 The calculated energy cost to dissociate 
one H from a N-H*

2 complex into vacuum is 2.3 eV,67 in agreement with the observed activation 
energy both for recovering the N-lines in very dilute samples65 and for the restoration of the 
bandgap in higher N-content samples by annealing.68  

3.3 Local N environment 
As pointed out in Ref. [62], the relative number of bonds in a quaternary III-V alloy cannot be 
determined uniquely from the composition. For instance, the equilibrium bond configuration for a 
GaInNAs alloy at a given temperature is determined by minimizing a free energy function mainly 
composed of two terms: On one hand, since Ga and N are smaller atoms than In and As, 
respectively, the local strain energy is reduced for the “small atom – large atom” bond 
configuration Ga-As + In-N. On the other hand, the cohesive energies of the respective binary zinc-
blende solids follow the sequence AlN > GaN > InN > GaAs > InAs (being 2.88, 2.24, 1.93, 1.89, 
1.63, and 1.5 eV respectively69), so the GaN – InAs configuration in preferred in terms of chemical 
bond energy. Far infrared absorption experiments on lattice matched MOVPE-grown 
Ga1-xInxNyAs1-y samples (x<0.06, y<0.02) have shown that the dominant local environment of N is 
NGa4. However, after thermal annealing more of the N atoms are found in NGa3In clusters as 
evidenced by the appearance of a new III-N stretch frequency peak.70 This suggests that the 
chemical bond aspects dominate at the surface during N incorporation in the growing layer,71 
favoring Ga-N instead of In-N bonds. The configuration is “frozen-in” during the non-equilibrium 
growth process, but is transformed towards an equilibrium bulk configuration during annealing. 
Another example is dilute AlGaNAs alloys, where the large Al-N cohesive energy leads to a 
complete dominance of chemical bond aspects during growth; even for a low Al content of 5% 
virtually every N atom is bonded in Al-complexes (such as NAlGa3, NAl2Ga2 etc.).72  

The evolution towards more In-N bonds during annealing at elevated temperatures has important 
implications since the statistical distribution of bonds of different types controls the optical 
properties of the GaInNAs alloy. Photoreflectance spectroscopy has revealed a discrete set of five 
bandgaps in Ga1-xInxNyAs1-y alloys of the same composition (x,y). The lowest bandgap transition 
dominates in the spectra from as-grown samples, but with increasing annealing temperature the 
oscillator strengths of the signals are redistributed so that the higher bandgap energy transitions 

                                                 
* Here the hydrogen is located between two N and Ga atoms. 
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become stronger.61 The fine structure with its large energy separations occurs because the 
wavefunctions which characterize the conduction band edge are strongly localized near the N 
centers. Within the BAC model this would correspond to a discrete set of five resonant N-levels 
instead of one. As shown by supercell calculations61,62 the lowest conduction band edge is 
associated with the NGa4 center and this energy increases typically by 20-40 meV for each In atom 
that replaces a Ga atom. These features are not resolved in room-temperature luminescence spectra, 
so the redistribution of oscillator strengths will look like a continuous blue-shift of the bandgap 
energy with increasing annealing temperature. This explanation, which combines structural and 
optical observations provides an interesting answer to the long-standing question about the origin 
of the large annealing-induced blueshift in GaInNAs QW and bulk samples. 

  

4 Metal-organic vapor phase epitaxy (MOVPE) 
Epitaxial growth of complex optoelectronic structures such as VCLs requires a very high degree of 
control over thickness, composition and doping. The optical thickness of the layers are usually not 
allowed to vary more than 1% in order to obtain a high mirror reflectance and maintain gain-cavity 
match. In practice, three different epitaxy techniques have been used for growth of VCLs: metal-
organic vapor phase epitaxy (MOVPE), molecular beam epitaxy (MBE),73 and gas source 
molecular beam epitaxy (GSMBE).74 Other conventional compound semiconductor epitaxy 
techniques, such as liquid phase epitaxy (LPE) and hydride vapor phase epitaxy (HVPE) do not 
exhibit the requisite precision or control. 

The group-III source materials in MOVPE are metal-organic compounds, such as triethylgallium 
(TEGa) or trimethylindium (TMIn). As group-V precursors hydrides such as arsine (AsH3) and 
phosphine (PH3) have traditionally been used, although established high-purity metal-organic 
precursor alternatives exist. The latter, tertiarybutylarsine (TBAs) and tertiarybutylphosphine 
(TBP) are much preferred over the hydrides when it comes to safety, but are also interesting due to 
their lower decomposition temperatures.75 For GaInNAs growth, which is usually carried out at 
temperatures <550°C, the use of TBAs as arsenic precursor leads to increased composition control. 

The source materials are transported to the heated substrate in the reactor cell via a carrier gas 
stream, usually high-purity hydrogen. A conventional way of achieving the requisite hydrogen 
purity of 99.9999999% (“9.0”) or better, is purification close to the gas-mixing manifold by 
diffusion through a Pd-foil. Due to cost and unreliability issues with the Pd-diffusion technique, 
other alternatives of purification are gaining more and more interest. One of these is heated getter 
purification,76 which seems to provide comparable results to that of Pd-diffusion in AlGaAs 
growth. Another technique, which is employed here, is room-temperature purification based on 
inorganic nickel and titania catalysts.77 

The epitaxial structures appearing in this thesis were grown in three different horizontal (linear) 
MOVPE systems, each differing in reactor cell geometry, total gas flow, heating method and source 
configuration. However, these differences are not believed to affect the observed trends. All three 
systems were corrected for offsets between thermocouple and wafer surface temperatures using the 
Al/Si eutectic point at 577°C. The systems are: (1) an in-house designed reactor78 with mechanical 
rotation and RF-heating (papers A, B, C, D, and E); (2) an Aixtron 200 with gas-foil rotation 
(papers A and H); (3) a planetary 3x2’’ Aixtron 200/4 reactor with gas-foil rotation (papers E, F, G, 
H, and I). 
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The reactants decompose in the heated region at and above the susceptor, where they react to form 
e.g. GaAs; see Fig. 6. A description of the overall growth process soon becomes very complicated 
due to a complex interplay between gas-phase and surface chemistry as well as hydrodynamics. By 
comparison, the situation is much less complicated in MBE or GSMBE, which takes place at high-
vacuum conditions using elemental or pre-cracked source materials. In these methods growth is 
governed mainly by surface kinetics. 

A general categorization into three different MOVPE growth regimes can be made75 based on 
whether the growth rate is limited by surface kinetics, mass-transport, or 
prereactions/thermodynamics. The latter growth regime is characterized by a decreasing growth 
rate with increasing temperature; MOVPE is an exothermic process and enough high temperatures 
(typically >800°C) may limit the growth thermodynamically, although a more important limiting 
process is probably prereactions between the reactants upstream from the substrate. The boundaries 
between the two other regimes are not sharp and depend on choice of precursors and total pressure.  

4.1 Mass transport limited growth 
At conventional growth temperatures of 600-800°C the MOVPE process is mass-transport limited, 
so that, to first order, growth rate and group III composition control is dependent mainly on the 
input partial pressure of the group III metal-organic reactants in the reactor. In this regime the 
surface reactions are relatively fast, and the limiting step is the arrival flux of reagents by diffusion 
through a mass transport boundary layer above the heated susceptor.75 The flux is proportional to 
the concentration gradient across the boundary layer, and the direct proportionality between growth 
rate and input group III partial pressure indicates that the group III partial pressure is nearly zero at 
the vapor/solid interface. Furthermore, since the group V species (e.g. As or P) have very high 
vapor pressures over the growth surface and their incorporation is self-limiting, input group V 
partial pressure has very little influence on the growth rate. This is, for example, the growth regime 
under which AlGaAs/GaAs DBRs and AlGaAs/GaAs laser diode cladding layers are fabricated. 

Fig. 6.  The steps involved in the reaction of metal-organic molecules and incorporation in the solid. 
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4.2 Surface kinetics limited growth 
In contrast, for certain applications it is necessary to slow down the kinetics, as in growth of  highly 
strained InGaAs/GaAs QWs,79,[Paper H],[Paper I] in GaInNAs growth (N-species desorption),80,[Paper 

F],[Paper G] and in growth of highly p-doped InGaAs HBT base layers.81 However, the reduced 
temperature (<550-600°C) of the surface-kinetics controlled growth regime comes with unwanted 
complications related to incomplete pyrolysis of the sources and/or incomplete desorption of 
decomposition by-products. For example, while the growth rate of AlGaAs is more or less 
temperature independent over a large temperature interval in the mass transport regime, the high 
stability of trimethylaluminum (TMAl) and trimethylgallium (TMGa) results in reduced growth 
rate at lower temperatures (<600°C). 

The relatively high Al—C bond strength also leads to a strong increase of unintentional C-doping 
of AlGaAs at these temperatures. A convincing − and perhaps extreme − illustration of this is Fig. 
7, where an Al0.5Ga0.5As layer grown at a temperature below 500°C using TMAl, TMGa, and AsH3 
exhibits tensile strain, i.e. a smaller lattice constant than GaAs.82,83,84 A compressive strain could be 
restored, i.e. carbon incorporation reduced, by increasing the AsH3 flow and adding TBAs (not 
shown). The mechanism is that of increasing the presence of atomic H and AsHx radicals on the 
growth surface which leads to increased desorption of CH4.85 

In general, a more complete decomposition of the reactants and thus an extension of the mass-
transport limited regime towards lower temperature can be achieved by replacing e.g. AsH3 with 
TBAs, or TMGa with TEGa.86 The latter replacement leads, due to a β-hydrogen elimination 
reaction pathway and more stable alkyl radicals to a significantly reduced carbon incorporation in 
GaAs.86 It does also strongly reduce the carbon incorporation in GaInNAs films, as evidenced by 
the transition from p-type to n-type background doping in lattice-matched GaInNAs films; see 
paper C.  

4.3 Surface morphology 

Heteroepitaxial growth can occur in three principal modes: Both lattice strain and surface free 
energy help determine whether a film undergoes 2D layer-by-layer growth (Frank-van der Merwe), 
3D islanding (Volmer-Weber), or 2D layer-by-layer growth followed by islanding (Stranski-
Krastanow).73 Of these modes, the first and last will be considered here, since they are encountered 
in growth of lattice matched AlGaAs/GaAs structures and highly lattice mismatched 
GaIn(N)As/GaAs QW structures, respectively. 

4.3.1 2D island nucleation and growth vs. step flow 
If the adatom (or admolecule) diffusion length is longer than the average terrace width the step 
edges will act as the major sinks for diffusing species. In this case there will be no nucleation of 2D 
islands on the terraces and the growth takes place by step flow.87,88 In the limit of high temperature 
the adatom diffusion to nearby steps is fast relative to the rate at which adatoms arrive from the 
vapor, and the adatom coverage of the growth surface will be low. Step flow or “diffusional” step 
flow73 of this kind leads to atomically flat terraces separated by monolayer steps. 

At lower temperatures the adatom diffusion length is shorter and the film grows mainly in the 2D 
island nucleation mode. Islands nucleate on the terraces and grow in size until they coalesce. This is 
the 2D growth mode which observed by the reflection high-energy electron diffraction (RHEED) 
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oscillation technique commonly used in MBE systems.88 Combinations of the two growth modes 
are possible at intermediate temperatures, e.g. 2D island nucleation on step-flow terraces, with 
zones denuded of islands in the vicinity of the terrace steps.  

The growth environment of MOVPE is incompatible with in-situ electron beam techniques, such as 
RHEED. Instead, optical techniques are used to monitor growth rate, composition, and surface 
temperature. One such technique is reflectance anisotropy spectroscopy (RAS). It is also useful for 
determining surface roughness and changes in surface reconstruction, although the interpretation of 
the raw data is not straightforward.89,90 Morphology studies of MOVPE surfaces are usually carried 
out ex-situ at room temperature by e.g. atomic force microscopy (AFM)91 or scanning tunnelling 
microscopy (STM).92 However, the integrated effects of surface dynamics during cooling will 
affect the surface morphology significantly. As pointed out by Bernatz et al.,93,94 the so obtained 
surface morphology is not representative of the surface morphology during ongoing epitaxial 
growth, and the validity of conclusions about interior interface structure based on observations of 
the cooled top surface may be compromised. 

Here we have studied interior interfaces of GaAs/AlAs multilayer heterostructures by a highly 
selective etching technique described by Bernatz et al.93 Since group-III atoms have a much slower 
diffusion rate in the bulk than on the surface, a sufficiently fast coverage by AlAs leads to a 
preservation of the buried GaAs-AlAs interface morphology. In Fig. 8 we see the “frozen-in” 
morphology of buried GaAs surfaces, as uncovered by highly selective etching removal of a 
capping AlAs layer. The growth conditions were the same as in paper A, i.e. growth temperature, 
V/III ratio and growth rates were 720°C, 100 and 0.9 nm/s, respectively. Judging by the step 
spacing the (local) substrate orientation is within ±0.05° of (001). While the cooled surface 
morphology exhibits the characteristic signs of step flow with smooth terrace steps, the image of 
the buried GaAs-AlAs interface with no growth interrupt (top left) shows that the growth mode is 
indeed that of 2D island nucleation.  

Fig. 7.  XRD patterns of a 0.17-µm thick Al0.5Ga0.5As:C layer buried under a 0.03 µm GaAs cap layer, both of which 
were grown at 495°C with an AsH3/III ratio of 20. Due to the strong lattice-contraction effect of the C-doping (2.6×1020 
cm-3) the substrate-layer peak separation could not be used to determine the AlGaAs composition. Instead, the 
composition was estimated by the relative substrate-layer scattering strengths of the (004) and the “forbidden” (002) 
reflections. The AlGaAs and GaAs cap thicknesses were likewise determined by comparing the fringe periodicities in 
the two reflections. Note that when using the same source flows at 680°C the growth rate is 2.7 times higher and the Al 
fraction is increased to 0.88. 
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Due to the continuous supply of new Ga atoms from the vapor the growing surface should have a 
high coverage of single adatoms and small clusters, which are too small to resolve with the AFM 
tip. This is probably the reason why the island features are so diffuse in the case of no growth 
interrupt (top left of Fig. 8). In the case of 1 s growth interrupt before AlAs deposition the islands 
have grown and coalesced into a irregular terrace structure with well defined step edges. However, 
even for 10 s interrupt there are still small islands on the terraces,94 which are absent in the cooled 
top surface morphology. It is interesting to compare the surface dynamics with that of Bernatz et 
al.,94 who used a much lower growth temperature of 625°C. In that case, smooth singly connected 
terrace edges were not obtained even after extensive growth interrupts lasting several minutes. 

4.3.2 Stranski-Krastanov growth mode 
Again using the same growth parameters as in paper A we have investigated the growth mode of 
AlAs on GaAs for increasing layer thickness. Fig. 9 shows how, in order to accommodate the strain 
energy of the growing layer, the growth mode becomes increasingly three-dimensional beyond a 
certain thickness. Note that these images depict the cooled surface morphology of the covering 
GaAs layer, and thus underestimates the roughness of the AlAs morphology during growth. 

For low indium content (e.g. xIn=0.05) epitaxial InGaAs grown on GaAs strain relaxation occurs by 
misfit dislocations95 at a sufficiently large layer thickness. In contrast, the relaxation mechanism of 
high (xIn>0.25) indium content InGaAs layers is segregation-controlled Stranski-Krastanow 
transition to 3D growth96,97 and subsequent nucleation of misfit dislocations in the throughs, where 
the strain is maximal.98 From numerous MBE studies it is known that indium has a tendency to 
segregate to the surface during growth of coherently strained InGaAs on GaAs, thereby building up 
a surface concentration of indium several times that in the bulk. However, by using low growth 
temperatures, high growth rate, and high group V/III ratio one can suppress the surface and sub-
surface kinetics. It is thus possible to grow excellent-quality, highly strained metastable InGaAs 
layers on GaAs which far exceed the Matthews-Blakeslee critical thickness95 for misfit-dislocation 
generation.99,100 [Paper H]  

4.4 MOVPE of AlGaAs/GaAs DBRs 
The findings reported in Section 2.3 and Paper A prompted us to use a lower growth temperature 
and reduced doping levels in both bottom and top DBRs of the final VCL device structures as an 
effort to minimize the doping-induced optical losses. Furthermore, the growth rate was increased 
from 0.8-0.9 nm/s to 1.3-1.5 nm/s for the same reasons, i.e. it reduces the exposure time of the n-
type bottom DBR to elevated temperatures. The Al0.88Ga0.12As/GaAs DBRs were grown with 15-
nm linearly graded interfaces at 680°C using trimethylgallium (TMGa), trimethylaluminum 
(TMAl), and arsine (AsH3). Silane (SiH4) and diethylzinc (DEZn) were employed as n- and p-type 
dopant sources, respectively. While carbon is a more attractive p-type dopant for use with AlGaAs 
DBRs due to its low mobility in the crystal,101 a source for it was not possible to accommodate in 
the growth systems used. The drawback with carbon sources such as CBr4 is that they influence the 
growth rate, thus causing additional calibration work. 
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Fig. 8.  AFM height profile images of interior GaAs-interfaces in AlAs/GaAs multilayer structures uncovered by 
highly selective etching. The effect of 0, 1, 5 and 10 s growth interrupt under AsH3 stabilization. 

0 s 1 s 

5 s 10 s 
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Fig. 9.  AFM images (15×15 µm) of the surface morphology of  AlAs:Si structures of different thicknesses covered by 
100 nm GaAs:Si.  The thickness of the AlAs layers is  400 nm (a), 700 nm (b), and 1000 nm (c). The left column shows 
height profiles and the right column shows the corresponding tapping amplitude data. Different height scales are used 
for the height profile images but each step corresponds to a monolayer. 
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A problem of AlxGa1-xAs growth is the high residual oxygen and carbon impurity concentrations 
that are associated with the aluminum-rich alloy compositions. Carbon acceptors compensate 
shallow donors in n-type material and the multiple deep levels of oxygen leads to compensation of 
both shallow acceptors and donors, effectively increasing the electrical resistance.102 It is, however, 
possible to control the impurity incorporation by selecting the growth conditions. While high 
growth temperatures reduce oxygen and enhance carbon incorporation, both impurities are 
suppressed by increasing the V/III ratio.103,104,105,106 Figure 10 shows the oxygen and carbon 
concentrations in Al0.9Ga0.1As as a function of V/III ratio. The oxygen concentration curve goes 
down to (at least) 4.5×1017 cm-3. This is a quite competitive result compared to what others have 
reported for alloys with xAl>0.8,104,106,* and is all the more interesting since the layers were grown 
using H2 carrier gas purified by an Aeronex catalytic purifier rather than the customary Pd-
diffusion cell. A moisture sensor indicated <1 ppb H2O at the exit of the purifier and the AsH3 was 
also purified (nominally to <10 ppb H2O) before introduction in the reactor. 

 

 

 

                                                 
* However, very recently IQE in cooperation with Epichem presented very impressive results for AlAs, with O 
concentrations of  <3×1016 cm-3, i.e. below the SIMS detection limit! See A. Mills, “Metal-organic processing leads the 
pack”, III-Vs Review 15(8) pp. 46-51 (October 2002) 

Fig. 10.  Oxygen and carbon concentration of Al0.9Ga0.1As as measured by SIMS for different growth rates and 
temperatures. 
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4.5 MOVPE of InGaAs/GaAs QWs 
Traditionally the InGaAs/GaAs system has not been considered for wavelengths much beyond 
1000 nm.107 However, recent progress in the growth methodology has made it possible to push this 
limit considerably, using both MBE and MOVPE growth techniques. Quantum well 
photoluminescence99,100 as well as edge-emitting lasing108 beyond 1200 nm has been demonstrated. 
For these long wavelengths an indium content xIn of 40% or more is required, which corresponds to 
a lattice mismatch (∆a/a) of +2.9%. In order to accommodate such high biaxial strain without 
introducing defects it is important to optimize the growth conditions. Specifically, it is important to 
suppress the two- to three-dimensional growth mode transition by reducing the adatom diffuison 
length. This can be accomplished, e.g., by increasing growth rate, decreasing growth temperature, 
and/or increasing V/III ratio.88,100  

Figure 11 shows room-temperature PL peak intensity and linewidth for In0.39Ga0.61As/GaAs single 
quantum wells of increasing thickness.[Paper H] The samples were grown at 520°C using TMIn, 
TEGa, and TBAs with a growth rate and input TBAs/III ratio of ∼0.5 nm/s and 8, respectively. 
These sources are better suited for low-temperature growth than TMGa and AsH3. The replacement 
of TBAs for AsH3 leads to more complete pyrolysis at low temperatures, effectively increasing the 
amount of AsHx radicals at the growth surface. By using TEGa instead of TMGa it is possible to 

reduce the In/Ga composition dependence on temperature in the range of interest; see Fig. 13. This 
is probably an effect of better matched pyrolysis temperatures of TEGa and TMIn, as compared to 
TMGa and TMIn. Going back to Fig. 11, one can see a rather sharp degradation of the PL 
properties beyond a certain QW thickness, corresponding to a wavelength of approximately 1205 
nm. For a double quantum well (DQW) configuration, the onset of degradation is found at 
approximately the same thickness, indicating a clear stabilizing effect of the GaAs barrier. High 

Fig. 11. Room-temperature PL characteristics for In0.39Ga0.61As/GaAs single quantum wells of 6.6, 7.0, 7.5, 8.4 and 9.0 
nm thickness grown at 520°C. Thickness and strain data were obtained from XRD measurements by dynamical 
simulation fitting. The lines are merely guides to the eye. 
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performance broad area (BA) and ridge edge-emitting lasers based on these QWs further confirm a 
good QW quality.109,110 

By using strain-compensating GaAsP barriers and a higher V/III ratio it is possible to reduce PL 
linewidth and push the wavelength limit further, as shown in Fig. 12. Here the thicknesses of the 
two wells and three barriers are chosen to give a net biaxial stress close to zero. The growth rate is 
the same as in Fig. 11 but a higher V/III ratio of TBAs/III=35 + AsH3/III=77 is used. The room-
temperature PL peak wavelength and FWHM of 1221 nm and 22 meV, respectively, is among the 
best results ever reported for InGaAs growth on GaAs.99,100 Our attempts to extend the upper 
wavelength limit in Fig. 11 by further increasing the growth rate and/or decrease the growth 
temperature has not been successful. However, moving in the opposite direction with these 
parameters resulted in onset of PL degradation at shorter wavelengths. We have not observed any 
effects on the PL properties of so-called strained buffer layers (SBLs).111  

Fig. 12. Photoluminescence spectrum taken at room temperature from a strain-compensated In0.42Ga0.58As/GaAs0.76P0.24 
double quantum well structure grown at 530°C using TBP as phosphorous source. The two wells are 8.1 nm thick and 
are surrounded by three 18 nm thick barriers. 

Fig. 13. Demonstration of the independence of solid composition on temperature for InGaAs single quantum wells 
between 480-520°C using TMIn, TEGa and TBAs as sources. The growth rate (not shown) decreases by less than 9% 
when going from 520°C to 480°C. Also shown is InGaAs wells grown under an additional DMHy flow corresponding 
to a DMHy/III ratio of 20. However, this flow is too low for detectable N incorporation as evidenced by both XRD and 
PL experiments. 
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4.6 MOVPE of GaNAs and Ga(In)NAs/GaAs QWs 

4.6.1 Assessment of composition of grown GaInNAs layers 
Since in quarternary alloy crystals the determination of the lattice parameter is insufficient to obtain 
the composition, one has to use additional information. In MBE growth of GaInNAs the N 
incorporation is independent of In content of the growing layer, so the N content in GaInNAs is can 
be inferred in a straightforward manner by lattice parameter measurements of ternary GaNAs 
grown at the same N flux.112 As will be discussed in a later section, the N incorporation is more 
complex in MOVPE, where the introduction of DMHy changes the group-III sublattice 
composition and reduces growth rate, and where the N incorporation is a very strong function of In 
content. The MOVPE grower can therefore not simply rely on the growth parameters to obtain the 
composition of quaternary GaInNAs layers, but must measure both lattice parameter and bandgap 
of the layer. 

Regardless of growth method (e.g. MBE or MOVPE) certain intrinsic properties of alloys with As-
N mixing on the group V sublattice complicates the task of determining the crystal composition. 
Whereas in “traditional” quarternary alloys, such as In1-xGaxAsyP1-y, both bandgap and lattice 
parameter are uniquely determined by the alloy composition (x and y), the Ga1-xInxNyAs1-y bandgap 
is not. As discussed in section 3.3, the GaInNAs bandgap is also a function of the thermal history, 
in so far that the changes in local atomic configuration around nitrogen that occur at elevated 
temperatures increase the bandgap significantly.61,62,70 The driving force for this transformation 
towards more In-rich nitrogen environments is the reduction in local strain energy, and As-
stabilized annealing for one hour at 700°C is usually enough to reach thermodynamic equilibrium 
beyond which no further bandgap change occur. A addtional complication is that hydrogen present 
in the alloy tends to passivate the nitrogen by forming electrically inactive N-H complexes, and this 
effect can potentially increase the bandgap all the way to that of N-free alloys.113 Loosely speaking, 
the bandgap of Ga1-xInxNyAs1-y is not only a function of x and y, but rather a function of x, y, 
thermal budget dtT∫ , and atomic hydrogen concentration [H]. This said, in the following section a 
calculation scheme is outlined for the assessment of GaInNAs layer composition by XRD and 
room-temperature PL measurements, assuming post-growth annealing is performed at a 
sufficiently61 high temperature and assuming H-passivation effects can be neglected.  

4.6.1.1 Nitrogen-induced lattice contraction and bandgap reduction 
Due to the large size difference between As and N atoms (covalent radii rN=0.75 Å < rAs=1.20 Å) 
substitutional incorporation of nitrogen on the group V sublattice has a large effect on the lattice 
parameter. The relaxed lattice parameter of Ga1-xInxNyAs1-y alloys with y<0.015 can be calculated 
by linear interpolation114,115 of the binary endpoint compounds (Vegard’s law) as 

GaAsGaNInAsNIn )1)(1()1()1(),( ayxyaxayxxyayxa −−+−+−+= .    (7) 

This formula is found in its explicit form in Table III. In layers grown coherently on GaAs (001) 
substrates, i.e. without misfit dislocations, the state of elastic biaxial strain is 
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in directions parallel and perpendicular to the surface, respectively. The definition of strain 
employed here is that of x-ray diffraction (XRD), i.e. relative to the substrate lattice parameter 
aGaAs, and the alloy values of the elastic constants c11, c12 are interpolated from the binary endpoints 
in the same way as in Eq. (7).  

The perpendicular layer strain XRD
⊥ε  and thickness t are readily determined from the layer-substrate 

peak separation and layer fringe periodicity in XRD patterns. These parameters should be extracted 
by careful fitting of dynamical simulation profiles to the measured scan, rather than by applying 
simple analytical formulas based on kinematical approximations, in order to avoid linear 
approximation errors116 (at high strain), as well as errors from substrate-layer phase shift117 (thin 
layers with small strain). By measuring the layer strain XRD

⊥ε  and solving for e.g. x, one obtains a 
relationship between the indium and nitrogen fractions: 
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N7.233.7 yXRD +≈ ⊥ε .     (9) 

The conduction band energy of Ga1-xInxNyAs1-y is obtained from the band anticrossing model 
(BAC) as 

{ })(4)](),([)](),([
2
1),,( 22

NInGaAsNInGaAs yVxEkxExEkxEkyxE +−−+= ,   (10) 

where 2/17.2)( yyV =  eV, and the zero energy level is taken as the position of the valence band 
maximum of InxGa1-xAs. Expressions for the InxGa1-xAs bandgap function )()0,(InGaAs xExE g=  and 
the resonant nitrogen level )(N xE  are found in Table III. A self-consistent solution for the alloy 
composition  (xIn,yN) that satisfies the measured bandgap and strain is found numerically by 
iteration of Eqs. (8) and (10). 

4.6.1.2  Composition of GaInNAs/GaAs QWs 
In the case of strained quantum wells the effective mass and non-parabolicity of the conduction 
band, as well as conduction band offset must be known to accurately determine the confined levels. 
There is, so far, rather little data on the values of these parameters for high-indium content 
GaInNAs/GaAs QW material. Perhaps more surprising, these parameters are somewhat uncertain 
also for highly strained (xIn>0.35) InGaAs on GaAs.99,118 The conduction band dispersion for 
compressively strained InxGa1-xAs on GaAs is 
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where 0069.0 mm =∗  is the effective electron mass and 2nm3.0=γ  is the nonparabolicity parameter, 
both of which are essentially independent of the indium fraction x.118 Insertion into Eq. (10) and 
differentiation with respect to the wavevector k yields the nonparabolic effective electron mass 
as119 
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The effect of compressive biaxial strain on the GaInNAs bandgap is calculated using the elastic 
constants and deformation potentials of InGaAs: 
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The ratio between conduction and heavy-hole valence band offsets for strained InGaAs/GaAs is 
assumed to be is 65:35.120 This value increases with the introduction of N, since N is expected to 
have negligible effect on the valence band structure, and the QW confinement potentials become: 

[ ]{ } [ ])(),(65.0),()(),( InGaAs
strain

InGaAsGaAsC xEyxEyxExEEyxV −−×∆+−=    

[ ]{ } 35.0),()(),( strain
InGaAsGaAsHH ×∆+−= yxExEEyxV  

These potentials are used as input parameters along with the GaInNAs electron effective mass from 
Eq. (11), and the heavy-hole effective mass from Table III, in the calculation of the QW ground 
state energy levels C1 and HH1 of the conduction and heavy-hole valence bands, respectively. A 
conventional finite-square model is used,119,121 where the nonparabolicity of the electron mass is 
included. Finally, the GaInNAs/GaAs QW PL emission wavelength is obtained as the sum 

    eVnm]),(),,(),(),([8.1239),,( ex
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strainQW
PL ⋅−∆+∆+∆+= ELxELyxEyxEyxELyx zzzλ ,       (12) 

where Lz is the well thickness and Eex is an exciton binding energy of 0.008 eV which is almost 
independent of well thickness and composition.121,122 

In practice, the composition determination was carried out in Matlab™ script files, where the QW 
thickness, QW strain, and room-temperature PL peak wavelength was used as input parameters; see 
Appendix 2. Figure 14 displays the calculation scheme we used. First, the peak emission 
wavelengths were calculated using the measured well width for a sequence of (x,y) compositions of 
increasing N content, all having the same strain as the measured sample. For this, the exact 
expression of Eq. (9) was used. Then the nitrogen content y was determined from linear 
interpolation of the intersection point between the ),,(QW

PL zLyxλ -versus-y curve and the measured PL 
peak wavelength. Finally, the corresponding indium content x was obtained by applying Eq. (9) 
again. 

Fig. 14. Nitrogen incorporation characteristics in GaInNAs/GaAs MQWs with different indium fractions. The growth 
temperature was 540°C. 
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Table III.  Parameters used in the calculation of GaInNAs QW emission wavelength, including bandgap Eg, resonant 
nitrogen level EN (relative to the InxGa1-xAs VB maximum), GaInNAs lattice parameter a, elastic constants c11, c12, 
deformation potentials ah and b, as well as conduction and valence band effective masses mC and mHH for InxGa1-xAs.  

Parameter Units InxGa1-xAs 

Eg(300K) eV 256.062.1424.1 xx +− a 

EN eV )1(4.065.1 xx −− b 

a(x,y) Å xyyx 0551.01335.14049.06535.5 +−+ c 

c11 1010 Pa x55.388.11 − d 

c12 1010 Pa x84.037.5 − d 

ah eV x9.27.8 +− e 

b eV x2.00.2 +− a 

mC/m0 - 069.0 a 

mHH/m0 - x06.047.0 − a 

a Ref. [123] 
b Ref. [124] 
c Vegards law applied on aGaAs=5.6535Å, aInAs=6.0584Å from Ref. [125] and aGaN(Z.B.)=4.52Å, aInN(Z.B.)=4.98Å from 
Ref. [126]. 
d Ref. [125] 
e Calculated from dEg/dP in Ref. [127]   



 36

4.6.2 Nitrogen incorporation 
In the first reported growth of GaNAs alloys an RF plasma cell was employed to produce NHx 
(2≥x≥0) reactive species from ammonia.128 The short lifetime in the environment of TEGa, AsH3, 
and H2 necessitated a very low total pressure of 2.5 mbar in order for these radicals to survive the 
transport to the substrate and incorporation of appreciable amounts of N required a low growth 
temperature of 500°C. It was observed128 that three times less AsH3 was needed to stabilize the 
surface when using the N plasma source, and as an explanation it was suggested that the NHx 
radicals aid the dissociation of AsH3 by producing stable NH3 and AsHx radicals, respectively.128 
This is an important observation which might help understand the low incorporation efficiency of 
other N sources producing similar radicals, in particular hydrazine (Hy), 1,1-dimethylhydrazine 
(DMHy), and tertiarybutylhydrazine (tBHy).114,129 

Today, the most common N precursor in MOVPE growth of Ga(In)NAs alloys is unsymmetrical 
1,1-dimethylhydrazine (DMHy), with the chemical formula (CH3)2NNH2. Studies of DMHy 
pyrolysis show that the N=N double bond breaks relatively easily, producing active NH2 and 
N(CH3)2 molecules at or near the growth surface. However, due to the strong electronegativity of 
nitrogen, adducts are readily formed between DMHy and the group III-precursors, which 
complicates the understanding of the incorporation mechanism.  

A common observation is that the nitrogen incorporation decreases rapidly with increasing 
temperature. For comparison purposes it is useful to characterize the nitrogen incorporation 
efficiency by an Arrhenius type activation energy EA, defined as  

)/exp(N kTEy A∝ .     (13) 

Activation energies of 1.0-1.3 eV that are independent of the input DMHy/(TBA+DMHy) ratio 
have been reported for GaNAs growth using TMGa130 and TEGa.131 The N incorporation is 
controlled by the DMHy/(TBA+DMHy) ratio and since the N incorporation decreases with 
decreased growth rate (i.e. increased residence time) this temperature dependence has been 
attributed to desorption of volatile N species from the growth surface.130,131  

In the case of N incorporation into GaInNAs the temperature dependence is still higher; at a 
relatively modest indium content of 13% the corresponding activation energy is 2.7 eV.132 This 
implies that growth reproducibility problems of GaInNAs QWs become increasingly severe for 
increasing In content, as discussed in section 4.6.6. Figure 15 shows the nitrogen incorporation in 
GaInNAs QWs as a function of input [DMHy]/[DMHy+AsH3] ratio. A strong reduction of nitrogen 
incorporation efficiency with increasing indium content is evident. As discussed in section 4.3.2, 
during growth of elastically strained InGaAs the indium concentration on the surface may be 
several times larger than that in the bulk. However, although the In-N covalent bond strength is 
significantly lower than that of Ga-N,69 the reduced efficiency is not intrinsically related to the 
incorporation of nitrogen atoms in the presence of indium. In solid source MBE growth of 
GaInNAs utilizing cracked N2 the nitrogen incorporation is independent of nitrogen content at 
typical MOVPE temperatures.69 Furthermore, in a recent MOVPE study the alternative nitrogen 
source NF3 has proven to give a nitrogen incorporation efficiency that is practically independent of 
indium concentration.129 Altogether, this indicates that the observed low efficiency of DMHy in 
presence of indium is rather related to desorption of incompletely dissociated NHx radicals from the 
In-rich surface. 
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4.6.3 Growth and thermal annealing of GaInNAs/GaAs MQW samples 

Our first growths of GaInNAs quantum wells were carried out as multiple quantum well structures, 
typically with 5-6 periods. The high number of periods was necessary to obtain a sufficient signal 
in the XRD patterns but later we got access to a triple axis diffractometer and could characterize 
single-quantum wells. However, the QW samples discussed in paper C and D contain 6 periods. 

4.6.3.1 Thermal annealing 

The 6-period Ga0.7In0.3NxAs1-x MQWs samples with various N content were grown using TEGa, 
TMIn, DMHy and AsH3 at 540°C and later subjected to different types of thermal annealing in 
order to improve their optical properties. Close-contact rapid thermal annealing (RTA) in N2 
atmosphere and in-situ post-growth MOVPE  reactor annealing (RA) in H2+AsH3 atmosphere was 
performed at 650 and 670°C, respectively. While the RTA duration of 15 s probably is too brief to 
promote extensive movement of lattice atoms* at this temperature, it does improve the PL intensity 
significantly, as demonstrated in Fig. 16 and in Paper C:Fig. 2. On the other hand, the blueshift 
caused by RTA is marginal compared to the effect of the 30 min AsH3-stabilized reactor anneal 
(RA). Interestingly, by subjecting the samples first to RTA and then to a reactor anneal (RA), the 
PL intensity is again degraded; see Fig. 16. To explain this behaviour we propose a combination of 
modified local atomic Ga/In configuration around N61 and hydrogen passivation effects.64 

Hydrogen is always present as an impurity in MOVPE-grown semiconductors and is very mobile at 
the annealing temperatures. It has recently been shown that atomic hydrogen irradiation of MBE-
grown GaInNAs SQW samples removes the effect of N on the bandgap, while simultaneously 
                                                 
* The mobility on the surface is orders of magnitude larger than in the bulk, yet the surface morphology is unaffected 
by RTA; See Paper C: upper part of Fig. 3 

Fig. 15.  Nitrogen incorporation characteristics in GaInNAs/GaAs MQWs with different indium fractions. The growth 
temperature was 540°C. 
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reducing the PL intensity significantly.64 The process is reversible and the bandgap energy can be 
restored by annealing in vacuum, suggesting that hydrogen passivates the nitrogen by forming N-
H*

2 complexes, which break upon annealing. It is possible that a fraction of the N-H bonds are 
broken during the brief RTA in equilibrium with the hydrogen-free ambient, resulting mainly in an 
improved PL intensity; see Fig. 16. Indeed, the RTA leads to a reduced H concentration and an 
increased free hole concentration in lattice matched (unintentionally) C-doped GaInNAs layers 
grown at the same temperature. The change in hole concentration can be attributed either to 
reduced C-H passivation (Paper C), or to an increased fraction of compensating N-H+ donor 
complexes as the electrically passive N-H*

2 complexes are broken up; see Section 3.2. Reactor 
annealing under AsH3 stabilization provides a source of atomic hydrogen, which may again reduce 
the PL intensity after RTA, as observed in Fig. 16. Also shown is how the PL intensity can be 
restored by another RTA, making a total of 3 consecutive annealing steps.  

In contrast, reactor annealing provides ample time for lattice atom movement. However, an 
explanation133 of the PL peak blueshift in terms of  (Ga,In) or (N,As) interdiffusion changing the 
QW shape and the confinement energy is not supported, neither by XRD nor by TEM 
measurements. Furthermore, such an explanation would of course not account for the blueshift 
observed in lattice matched 1-µm thick GaInNAs layers; see Fig. 16. The blueshift in GaInNAs 
during annealing is most likely due to an energy-minimizing transformation of the N environment 
towards more In-N bonds and less Ga-N bonds.61,62,70 

4.6.3.2 PL peak splitting, composition fluctuations and interface layers 
An interesting observation is that 6-period Ga0.7In0.3NxAs1-x MQWs with a N content in excess of 
1% exhibit peak splitting in room-temperature PL measurements after annealing. The inset in Paper 
C:Fig. 2 shows such a case, where the room-temperature PL emission spectrum is split into two 
peaks of approximately 70 meV separation as a result of reactor annealing. The spectrum is 

Fig. 16. Response of room-temperature PL peak intensity and wavelength of GaInNAs lattice matched bulk and 
strained MQW samples to different annealing treatments. The 670°C reactor anneal (RA) and 650°C RTA lasted for 30 
min and 15 s, respectively. 
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recorded under rather low excitation density (633 nm, ∼100 W/cm2) in order not to mask 
localization effects. The low-energy (long-wavelength) peak is relatively weak, but after additional 
RTA it becomes as strong as the high-energy peak.  

Cross-sectional transmission electron microscopy (TEM) of similar samples revealed lateral 
compositional fluctuations, which were enhanced on RTA lasting up to 5 minutes (Paper D). Also a 
N-free In0.3Ga0.7As/GaAs reference sample showed weak signs of compositional fluctuations. This 
sample did, however, not exhibit PL peak splitting. As pointed out in Paper D, the simultaneous 
presence of In and N seems to reinforce the compositional clustering, which can be related to the 
PL peak splitting. The PL splitting occurrence in GaInNAs, but not in InGaAs is probably a 
consequence of the anomalously strong bandgap dependence on N content which creates an 
extremely large energy scale for composition fluctuations.  

The dark-field cross-section TEM investigation also revealed interfacial layers of about 1 nm 
thickness on either side of the GaInNAs quantum wells; see Fig. 17. They appear darker than both 
the GaAs barriers and the GaInNAs wells in the chemically sensitive (002) reflection. Analysis of 
the (002) TEM structure factor suggests that they have an intermediate indium composition; the 
structure factor is almost independent of N content and changes sign between 15% and 20% In, 
which corresponds to a parabolic minimum in the diffracted intensity (Paper D:Fig 4).134 
Furthermore, a careful consideration of the relation between the total well thickness as determined 
by TEM, the XRD satellite peak positions, and the XRD satellite envelope function shape shows 
that at least one of the two interface layers must have a significantly reduced strain, i.e. being rich 
in N. This is illustrated in Fig. 18. In Paper D it is proposed that both interfacial layers have an 
equal N concentration, but it is equally probable that all extra N resides in the lower interface, since 
the XRD patterns for the two cases are indistinguishable. 

Indium poor transition regions seem to be consistent with indium surface segregation96 during 
growth. Specifically, one would expect to observe In tails at the beginning and the end of the each 
QW layer. As mentioned in section 4.6.2 and shown in Fig. 15 the nitrogen incorporation efficiency 
is a strong function of In content, being much higher in e.g. GaAs than in In0.35Ga0.65As. This might 
explain an increased N incorporation during the first few monolayers of GaInNAs before the 
surface indium concentration saturates. In Paper D the XRD patterns are fitted assuming 
symmetrically strained interfacial layers, having the same N content. However, the (002) TEM 
contrast is insensitive to N, so the combined TEM and XRD results are perfectly consistent also 
with a comparatively large N enrichment in the lower interfacial layer and no enrichment in the 

Fig. 17.  TEM dark-field cross-section micrograph of as-grown GaInNAs/GaAs MQW sample, g=(002), showing 
interface layers. This image is a copy of Fig. 3 in Paper D, but with better contrast.  
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upper layer. In fact, whereas the XRD patterns for the two cases are indistinguishable, the case with 
N enrichment only in the lower interfacial layer is more probable from MOVPE point of view. 

4.6.4 Parasitic reactions at high DMHy flows 
The effect of DMHy flow on the In incorporation is much more subtle than the effect of In content 
on the N incorporation, yet it is important for the emission wavelength control of GaInNAs QWs. 
In order to investigate this dependence, a number of GaInNAs/GaAs single quantum wells have 
been grown and characterized by XRD and PL measurements. As expected, by reducing the TBAs 
flow the nitrogen incorporation is enhanced, but neither group-III composition, nor growth rate is 
affected; see Fig. 19. On the other hand, the effects of an increasing DMHy flow goes beyond 
merely increasing the amount of incorporated nitrogen; in addition, the group-III composition 
becomes more indium-rich and the growth rate decreases; see Fig. 20 and Fig. 21.  

Studies have shown that the onset of co-pyrolysis with TMGa,135 or with TEGa,136 occurs around 
400°C by an adduct mechanism between the electron acceptor (Lewis acid) TMGa/TEGa and the 
electron donor (Lewis base) DMHy. This is 80°C higher than the pyrolysis temperature of DMHy 
alone, suggesting that a more stable compound is formed from the adduct which prevents direct 
cleavage of the N=N double bond at low temperature.135 Despite the short residence time in the 
reactor under typical MOVPE conditions, it is still probable that a significant fraction of the group 
III atoms are transported to the growth surface as constituents of such compounds, which on 
decomposition above 400°C produces CH3 and N(CH3)2 radicals.135 Since DMHy, which also 
produces such radicals on decomposition135,136 is supplied in large excess, it is conceivable that the 
decomposition rate of the group-III containing compounds can be reduced by increasing the 
DMHy/III ratio. A mass-action law mechanism like this would account for the reduced growth rate 
observed at high DMHy flows observed in Fig. 20 and Fig. 21, and at the same time explain why 

Fig. 18. Simulated (004) XRD patterns for composite GaInNAs single quantum wells which correspond to the QW 
envelope function of the MQWs described in paper D. A 110 nm cap layer is added. (a): Homogeneous 7.4 nm thick 
quantum well  with composition (xIn,yN)=(0.283,0.009); (b): Composite quantum well, 5.4 nm (0.314,0.009) surrounded 
by 1 nm thick (0.20,0.009) interface layers; (c): As (b) but with composition (0.335,0.009) sandwiched between an 
upper (0.20,0.009) and a lower (0.20, 0.051) interface layer. Note how the low angle side of the SQW peak expands 
when going from (a) to (c). All three versions have an identical strain×thickness product, as evidenced by the 
unchanged fringe pattern close to the substrate peak (see inset). This would translate to identical satellite positions and 
satellite periodicity in the case of MQWs. 
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no effect is observed at the much lower DMHy/III ratio used in Fig. 13. Alternatively, the growth 
rate reduction could be a result of surface etching by the highly reactive N(CH3)2 products from 
DMHy decomposition in accordance with experiments involving amine-based As precursors in 
metal-organic molecular beam epitaxy.137 

Finally, a very large effect of DMHy flow on the growth rate and strain of GaInNAs was found in 
the home-built MOVPE reactor, which had a common feed line for TEGa, TMIn and DMHy, 

Fig. 19. Effect of TBAs flow on GaInNAs/GaAs SQW growth at 495°C. The growth rate remains constant while the 
strain decreases with decreasing TBAs flow. As expected, correlation with PL data shows this can be related to an 
increasing N incorporation and to a constant In concentration. The DMHy and TBAs input partial pressures are 0.56 
and 0.004-0.008 mbar, respectively. This corresponds to DMHy/III and TBAs/III ratios of 500 and 3.7-7.4, 
respectively. 

Fig. 20.  Effect of increasing DMHy flow on GaInNAs/GaAs SQW growth at 495°C. Interestingly, the growth rate 
decreases, while strain is constant. Correlation with PL data shows that both indium and nitrogen concentration 
increases with increasing DMHy, but at different rates so as to balance each other out to zero strain change. The DMHy 
and TBAs input partial pressures are 0.53-1.0 and 0.008 mbar, respectively. This corresponds to DMHy/III and 
TBAs/III ratios of 450-890 and 7.4, respectively. 

×10-3 
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whereas AsH3 entered the reactor through a separate feed line; see Fig. 22. A possible cause for the 
enhanced effect of DMHy flow in this case is parasitic pre-reactions starting in the common feed 
line. With In being a weaker Lewis acid than Ga, the pre-reactions between TMIn and DMHy 
should be less severe and result in a more indium-rich GaInNAs alloy composition with higher 
strain, as observed. 

 

 

 

Fig. 21.  The influence of a large DMHy flow on the growth of GaInNAs/GaAs SQWs. All other growth parameters are 
constant and similar to those of the previous two figures, except a higher TBAs input partial pressure of 0.28 mbar 
(TBAs/III=25). A 20% decrease in growth rate and simultaneous 3.4% increase in strain occurs when the DMHy input 
partial pressure is increased from  0 to 2.2 mbar (DMHy/III=0-1990) respectively. Clearly, a significant amount of N is 
incorporated, as evidenced by the PL peak wavelength increase. 

Fig. 22. Influence of DMHy input partial pressure on the growth rate and strain of GaInNAs QWs in the home-built 
MOVPE reactor which had a common feed line for TEGa, TMIn and DMHy. AsH3 entered the reactor through a 
separate feed line. The growth temperature was 540°C, total pressure 100 mbar, and during growth of GaInNAs the 
AsH3 input partial pressure was reduced to 0.01-0.03 mbar to facilitate N incorporation. A strong effect on growth rate 
(50% decrease) and group III composition (44% strain increase) is evident, presumably due parasitic pre-reactions 
starting in the common feed line. The highest DMHy flow corresponds to a DMHy/III ratio of 170. 
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4.6.5 AlGaAs+GaInNAs morphology and PL degradation 
A critical issue related to MOVPE growth of GaInNAs, as observed by several groups,138,139 is a 
significant QW-performance degradation when these are grown on structures including Al-
containing layers. Paper E presents a systematic study of MOVPE-grown GaInNAs SQW PL 
properties and surface morphology as function of growth parameters and Al-content in underlying 
AlGaAs DBR layers. It is important to note that GaInNAs is not grown directly on AlGaAs in this 
study; all samples have at least 100 nm GaAs between the AlGaAs and the GaInNAs layers. A 
striking observation is that while the quality of InGaAs QWs was preserved regardless of the 
number of underlying AlGaAs DBR periods, a dramatic degradation in PL intensity and 
morphology was observed in GaInNAs QWs, depending on the number of DBR periods and their 
growth conditions. In particular, a too high AlGaAs growth temperature leads to degraded optical 
properties and morphology of the GaInNAs QW although the underlying DBR morphology appears 
intact at the start of the QW growth; see Paper E:Fig. 2. The same degradation is obtained when a 
DBR structure is taken out of the reactor before growing the GaInNAs SQW, and then regrown 
together with a fresh GaAs substrate. The SQW grown on the GaAs substrate has two orders of 
magnitude higher PL intensity compared to the SQW on the DBR, so reactor memory effects as the 
cause of degradation can be excluded.  

Interestingly, surface secondary ion mass spectroscopy (Surface SIMS) measurements on DBR 
samples revealed residual Al tails in the capping GaAs layers which decrease exponentially from 
the last AlGaAs/GaAs interface towards the surface. The surface Al concentration, however, does 
not correspond to that of the bulk, but is more than two orders of magnitude larger, being  
approximately 7×1011cm-2, or 0.1% of a monolayer. Assuming no impinging flux of Al and no Al 
desorption during GaAs growth and subsequent cooling down, the surface Al concentration is 
consistent with the observed Al decrease rate and concentration in the bulk, using a first-order 
surface segregation model. A lowered DBR growth temperature is observed to lead to higher and 
steeper Al tails in the capping GaAs layer, but to lower Al surface concentration.  

In Paper E we speculate that the segregating species is unlikely to be Al atoms, but rather a 
complex of Al plus an impurity, possibly oxygen. Oxygen is always present in high-aluminum 
content AlGaAs as an impurity in the 1017−1019 cm-3 concentration range, depending on growth 
conditions104,106 and purity of the sources. If the segregating complex is AlxOy then one must 
account for the fact that the O concentration in the GaAs cap is <1017cm-3, or at least a magnitude 
lower than the Al concentration. It is conceivable that such an AlxOy complex would be reduced in 
the presence of atomic H, leaving Al to be incorporated in the crystal. Provided that more AlxOy 
species are supplied during an AlGaAs half-period than are desorbed/incorporated during the 
subsequent GaAs half-period, the amount accumulated on the surface will increase with the number 
of DBR periods.  

Since the degradation only appears in samples containing both Al and N, and since the Al species 
appears to segregate on the surface it is tempting to assume that the problems originate in reactions 
between N and Al. As discussed in Section 3.3 the Al-N cohesive bond strength is much higher 
than the bond strengths of Ga-N and In-N, and results in an almost exclusive bonding of nitrogen in 
Al-N complexes in Al0.05Ga0.95N0.01As0.99 alloys.72 While AlGaNAs alloys can be grown by 
MOVPE, the high DMHy partial pressure associated with growth of high indium content GaInNAs 
QWs might not be compatible with an Al-containing starting surface. Indeed, Sato and Satoh 
observed a strong morphology degradation when growing lattice-matched Ga0.9In0.1N0.03As0.97 
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layers directly on Al0.4Ga0.6As, but they found also that the insertion of a thin GaAs spacer 
improved the situation considerably.140 

4.6.6 Optimized growth conditions for GaInNAs QWs 
While we used a growth rate of ∼0.5 nm/s during the first experiments (Papers C and D) it was 
soon found, in line with other reports,141,142,143 that a low growth temperature close to 500°C and a 
growth rate of only 0.03-0.04 nm/s is important to assure good PL linewidth and intensity at the 
high N contents necessary for 1.3 µm emission. Compared to higher growth rates, a lower N 
incorporation efficiency is obtained, but also a slower deterioration of the optical properties with 
increasing N content. Fig. 23 shows a typical relation between PL intensity of GaInNAs QWs and 
emission wavelength. A three orders of magnitude decrease is observed as the wavelength is 
increased from 1175 to 1350 nm. However, broad area laser threshold current densities change 
much less within this interval and display a rather complex dependency on PL intensity and line 
width (Paper F). For example, SQW samples grown at 485°C show a higher PL peak intensity, but 
also a larger PL FWHM than similar samples grown at 505°C. However, broad area lasers 
employing the latter SQWs are better in terms of threshold current density, which suggests that the 
PL linewidth is a more important parameter for predicting laser performance.  

Further improvements to the PL linewidth can be achieved by applying very large V/III ratios 
(≥2000). As demonstrated in Paper G, such growth conditions can also lead to reduced sensitivity 
to temperature variations, which otherwise tend to have a large effect on the (group-V) composition 
of the QWs. While in case of V/III ratios in the 200-700 range the emission wavelength typically 
shifts by –5 nm/K or more, the temperature dependence is much smaller for a V/III ratio of 2300. In 
terms of nitrogen incorporation, the corresponding activation energy is decreased from >10 eV to 
approximately 4 eV. The mechanism responsible for this reduced temperature sensitivity is 
presently not known, but is probably related to changed desorption kinetics of N-species from the 
surface. Among the radicals produced on the growth surface are *H coming from TBAs pyrolysis 
and *CH3 from e.g. III-N adducts or similar compounds. An NH2 radical that collides with an H 

Fig. 23.  Maximum PL peak intensities measured on InGaAs (triangles) and GaInNAs (squares) SQW samples between 
1150 and 1350 nm, all subjected to a 10 minutes long post-growth in-situ anneal at 680°C.  
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radical or a CH3 radical may form ammonia or methyl amine rather than incorporating in the 
epilayer. Higher temperatures increase the rates of the reactions, partially explaining the reduced N 
incorporation. With an increased V/III ratio the relative concentration of CH3-radicals decreases, 
possibly leading to a situation where other, less temperature-dependent desorption pathways 
dominate.  

These optimized growth conditions are reflected in improved laser performance. Edge-emitting 
broad-area lasers of 880×100 µm2 dimension processed from a Ga0.63In0.37N0.007As0.993 SQW VCL 
structure with a room-temperature PL linewidth 37 meV show a threshold current density of 760 
A/cm2 at an emission wavelength of 1273 nm. This represents a two-fold improvement over the 
best structures in paper F and compares rather well with what others have reported for SQW lasers 
employing GaAs barriers.144 However, the lowest threshold current densities reported so far are 
those of Tansu and Mawst, measured on strain-compensated Ga0.6In0.4N0.005As0.995/GaAs0.85P0.15 
SQW structures. They demonstrate threshold current densities of 400 A/cm2 for 750-µm long 
devices emitting at 1295 nm, and as low as 290 A/cm2 for 1500-µm devices.145 

5 Vertical cavity lasers 

5.1 VCL design and processing 
The VCL structure is schematically outlined in Fig. 24. It consists of a Si-doped 25.5-period bottom 
DBR, a one-lambda GaAs cavity region including the active layer, and a Zn-doped 26-period top 
DBR. The exact compositions of the Al0.9Ga0.1As/GaAs DBRs differ somewhat between Papers H 
and I. Both top- and bottom DBRs have 15-nm linearly graded interfaces and the top DBR includes 
a 40-nm AlAs oxidation layer for current confinement. The doping concentration was kept low in 
both DBRs to minimize the effects of optical loss as discussed above. Due to a non-uniform growth 
rate across the wafer radius we obtain a variation in the offset between PL and cavity mode. Mesas 
of various sizes were etched through the top DBR and a steam-oxidation process was employed to 
form apertures with different diameters. Finally n- (AuGe) and p- (AuBe or AuZn) contacts were 
formed and the top-emitting structure was planarized with benzocyclobutene (BCB). The backside 
was roughened and covered with n-type metal, or in some cases polished and covered with anti-

Fig. 24.  Schematic cross-section of the top-emitting VCL structure employed in Paper I. It is essentially similar to that 
of Paper H, except for the placement of the n-contact.  

1 1 1 A ti
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reflective coating to allow bottom emission. However, no backside roughening was performed prior 
to deposition of the backside contacts on the devices presented in Paper H.  

5.2 VCL results 
While high-performance 1.2-µm InGaAs/GaAs edge-emitting lasers have been reported by several 
groups during the last few years,146,147,148 it was only quite recently that InGaAs/GaAs QW VCLs 
with an emission wavelength beyond 1200 nm were demonstrated.149,[Paper H] This was then a 
substantial leap as compared to previous results of up to 1130 nm.150 Yet, the characteristics of 
these 1.22-µm VCLs were very encouraging with sub-mA threshold current, mW output power and 
high temperature CW operation beyond 100°C, indicating a good room for further wavelength 
extension from optimized QWs and/or device detuning. This was discussed towards the end of 
Paper H, where we concluded that InGaAs/GaAs VCLs are unlikely to reach much beyond 1250 
nm, based on the longest reported PL emission wavelengths of 1220 nm.99,100 However, the large 
gain of the InGaAs QWs suggests that one may afford to extend the emission wavelength simply by 
increasing the gain-cavity detuning at the cost of slightly higher threshold currents. We have 
investigated this concept in a VCL structure employing an InGaAs/GaAs DQW of approximately 
the same PL emission wavelength (∼1190 nm) as the SQW used in Paper H, but with 4-5 meV 
smaller PL linewidth due to improved growth conditions.151,[Paper I] Fig. 25 shows the PL-cavity 
tuning as function of position on the wafer. One observes that the cavity wavelength, which is 
directly proportional to the growth rate, drops much faster than the PL emission wavelength 
resulting in a PL-cavity detuning of between 70 and 20 nm. Also indicated is the gain peak 
wavelength, taken as the emission wavelength of BA edge-emitting lasers fabricated from the same 
structure. 

Fig. 25. Relation between PL wavelength (up triangles), cavity mode (squares) and BA laser emission line (down 
triangles) of the DQW InGaAs VCL structure presented in Paper H. 
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Lasing is obtained over the whole wafer area, i.e., including the central point with RT resonance at 
1269 nm.* Light-current-voltage (L-I-V) characteristics of top-emitting devices from three different 
positions are shown in Paper I: Fig. 2, including a spectrum from the position closest to the center. 
The threshold current increases with increasing PL-cavity offset, but the maximum output power is 
still at least 0.8 mW for a wavelength of 1260 nm. The oscillations which appeared in the L-I 
curves in Paper H and which were caused by optical feedback from the back metal contact are 
absent due to backside roughening before contact deposition. Devices which are both bottom and 
top-emitting emit with approximately the same power from both sides, as should be expected from 
the balanced resonator. 

A consequence of the negative gain-cavity detuning is that the threshold current decreases with 
increasing temperature. As the temperature increases the gain curve redshifts and becomes broader, 
resulting in a progressively larger overlap with the cavity mode until a certain point where the 
overall reduction of the gain dominates. This is shown in Paper I: Fig. 3, where the minimum 
threshold current for devices operating at 1260 nm is obtained between 80 and 90°C, depending on 
aperture size. In contrast, 1200-nm devices from positions closer to the wafer edge, where the 
detuning is smaller, have a minimum threshold current around 20°C. Another effect of applying 
increasingly negative gain-cavity detuning is that the small-signal bandwidth decreases, 
presumably an effect of decreasing differential gain and reduced photon density when operating the 
device on the long-wavelength side of the gain curve. Yet, large signal modulation experiments 
show that such devices have potential for use in high-speed communication networks. Data 
transmission in a back-to-back configuration for a 7-µm aperture 1260-nm VCL is presented in Fig. 
26. The eye diagrams recorded at 10 Gb/s using a pseuo random bit sequence (PRBS) are clearly 
open and symmetric. Finally, a concern with device design is the mode control, since the large 
device detuning tends to favor higher-order (shorter wavelength) modes.  

                                                 
* The wafer center positions with cavity resonance wavelengths >1260 nm were inaccessible in the original batch 
presented in Paper I due to sample geometry and edge effects in the processing. This problem was later solved. 

Fig. 26. Eye diagram showing back-to-back data transmission at 10 Gb/s using a 7-µm diameter 1260-nm 
InGaAs/GaAs VCL. Ibias=11.6 mA, Vmod=1.04 V, PRBS with 223-1 character length 
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There should be good prospects for further increased wavelength and/or improved L-I 
characteristics. In our initial experiments with strain-compensating GaAsP barriers we reached 
beyond 1220 nm (Fig. 12), i.e. 30 nm longer than for the QW incorporated in the VCL structures 
presented here. Using special MOVPE or MBE growth conditions, InGaAs QWs with emission 
wavelength of up to 1225 nm have been demonstrated, 99,100 and very recently Bugge et al. reported 
PL emission at 1238 nm from highly strained InGaAs/GaAs QWs.152 The incorporation of such 
QWs in the present VCL structures should be expected to increase output power, reduce threshold 
current, and also shift the minimum in threshold current towards room temperature, thus 
approaching standard VCL tuning. 

5.3 GaInNAs VCLs 
Fig. 27 shows the cavity resonance of a SQW GaInNAs VCL structure along with the PL peak 
wavelength from a reference sample. The reference sample was subjected to a standard post-growth 
in situ anneal at 680°C for 10 min. In contrast to the PL wavelength dependence on radial position 
for the InGaAs QW of Fig. 24, the PL wavelength of the GaInNAs QW increases toward the wafer 
edge. This is most likely due to the slightly higher temperature at the center of the wafer. The 
emission is additionally blue-shifted during growth of the top DBR, as demonstrated by the lasing 
wavelength of broad-area (BA) edge-emitting lasers processed from the VCL structure. From the 
figure, a blue shift of at least 15 nm can be estimated, yielding a zero gain-cavity offset of the VCL 
at approximately 15 mm wafer radius. The low threshold current density of 660 A/cm2 for 820-µm 
long BA lasers indicates a good quality of the QW. However, VCLs processed from this material 
didn’t show lasing regardless of pumping conditions (pulsed or CW) or heat-sink temperature 
above 0°C. This is probably due to too low round-trip gain offered by the SQW active region; all 
GaInNAs VCLs reported to date have relied on two or more QWs. Attempts to insert a second QW 
in the VCL structure resulted in poor surface morphology with a high density of oval-type defects 
found to originate in the QW layers. This is specific to GaInNAs VCLs (i.e. was not observed in 
InGaAs VCLs), and could possibly be related to N-induced defects or local strain variations acting 
as nucleation centers for defect generation. 

Fig. 27. PL emission wavelength and cavity mode for a GaInNAs SQW VCL structure. The FWHM for the PL 
emission was measured to 37 meV. 
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6 Conclusion 
This work has focused on MOVPE growth and characterization of GaInNAs materials for long-
wavelength VCLs and edge-emitting lasers on GaAs. During this development a number of growth-
related issues have emerged that deserve attention. An example is the n-type doping of 
AlGaAs/GaAs DBRs, which has a much more detrimental effect on the reflectance than previously 
anticipated. The n-type doping enhances Al/Ga intermixing during growth, resulting in roughened 
interfaces which scatter the light. The losses are, however, effectively reduced by decreasing the 
doping level and/or thermal budget. Another example is the negative effect of buried AlGaAs 
layers on the optical and structural quality of subsequently grown GaInNAs QWs. As noticed also 
by other groups, this degradation is related to the combination of Al and N, and is thus highly 
relevant to the realization of e.g. GaInNAs VCLs. An explanation in terms of surface segregating 
Al-species is proposed, and it is observed that the degradation is mitigated by reducing the AlGaAs 
DBR growth temperature. 

In general, there are strong limitations in the choice of growth parameters for 1300-nm GaInNAs 
QWs, where a low temperature in combination with high V/III ratios are important ingredients. 
While V/III ratios tend to weaken the dramatic emission wavelength dependence on growth 
temperature, they also have an improving effect on the PL FWHM, with values below 40 meV at a 
wavelength of 1310 nm. Broad-area edge-emitting SQW lasers grown under such conditions 
exhibited threshold currents <0.8 kA/cm2 at wavelengths >1270 µm. Yet, lasing was not achieved 
in corresponding SQW VCLs. Instead, the best performance VCLs are based on highly strained 
InGaAs double quantum wells, showing output power in the mW range even at wavelengths just 
below 1270 nm. Thus they are in compliance with the 1260-1360 nm wavelength requirements of 
10 Gb/s Ethernet and SONET OC-192 standards.  

These devices are based on an extensive device detuning where the active material has a modest PL 
maximum wavelength of only 1190 nm. This gives a clear advantage over GaInNAs VCLs from a 
fabrication-point-of-view, with better controllable growth and materials properties, but there are 
still issues in relation to their development that needs to be considered. In specific, the large device 
detuning affects the high-speed performance but also the mode control, which will put extra 
restrictions on singlemode-device designs.  

There should, however, be good prospects for reducing the device detuning by increasing the 
InGaAs QW emission wavelength. In our initial experiments with strain-compensating GaAsP 
barriers we reached PL peak wavelengths beyond 1220 nm. Such an extra margin should clearly 
have an improving effect on the device. In parallel, further work on GaInNAs QWs will make 
evident if these can reach maturity sufficient for a commercial breakthrough. 



 50

Guide to the papers 
 

Paper A: “Doping-induced losses in AlAs/GaAs distributed Bragg reflectors” 

The absolute reflectance of MOVPE-grown p- and n-type AlAs/GaAs DBRs with various doping 
concentrations was measured using two different high-accuracy techniques, the multiple reflection 
and the cavity phase shift (CAPS) technique. It was found that n-doping is much more detrimental 
to the reflectance than expected from published optical absorption data. By contrast, the absorption 
of p-doped DBRs agrees well with corresponding predictions. The performance degradation of the 
n-type DBRs is related to an enhanced intermixing at the interfaces, as observed by high-resolution 
XRD. The losses are attributed to scattering due to an increased interface roughness developing 
during this process. 
Comments: The print year of Ref. 30 is 1975, not 1974. 
 Ref. 11 was published in Rev. Sci. Instrum. 73(4), pp. 1697-1701 (2002). 
 Ref. 16 became Paper B of this thesis. 
 

Paper B: “Individual layer thickness determination in semiconductor Bragg mirror 
reflectors using high-resolution x-ray diffraction” 

This work originated during preparation of Paper A and contains a detailed discussion of 
parameters that affect high-accuracy XRD characterization of DBRs. Among these are wafer 
bending, finite beam size, and miscut-induced substrate-layer lattice tilt. A formula is derived from 
kinematical diffraction theory, by which the individual layer thicknesses of a DBR can be 
calculated from a single XRD pattern in the quasi-forbidden (002) reflection. The method relies on 
the structure factor contrast between GaAs and AlGaAs, and the input parameters are the satellite 
peak periodicity ωp and the periodicity ωbeat of a characteristic beating pattern among the satellites. 
As demonstrated in the paper, the method is not limited to the AlGaAs system, but is also useful for 
other materials systems with much smaller structure factor contrasts, such as InP/InGaAsP and 
AlAsSb/AlGaAsSb. This method has routinely been used by us during calibration of growth rates 
and characterization of the DBRs in this thesis. 

 

Paper C: “Annealing studies of metal-organic vapor phase epitaxy grown GaInNAs bulk 
and multiple quantum well structures” 

The effects of two essentially different annealing techniques on the PL properties were studied: 
rapid thermal annealing (RTA) typically lasting 15 s, and a 30 min long MOVPE reactor anneal 
under AsH3-stabilized conditions. As expected, the magnitude of the resulting PL peak blue-shift is 
very different in the two cases, but either method leads to a significantly increased the PL intensity. 
It is suggested in Section 4.6.3.1 of this thesis that in the case of RTA the major effect is a 
decreased hydrogen passivation, whereas in the other case the major effect is a reconfiguration of 
the local atomic N environment. Furthermore, the paper reports of PL peak splitting from 
Ga0.7In0.3NAs/GaAs MQW structures as the N content exceeds a certain value. As suggested by the 
TEM analysis in Paper D, this behaviour is related to lateral compositional fluctuations.  
Comments: The details of the GaInNAs bandgap calculation are now obsolete. 
20°C should be added to all reactor temperatures, including in-situ MOVPE annealing (Al-Si eutectic calibration). This 
does not affect the conclusions. 
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Paper D: “Structural effects of the thermal treatment on a GaInNAs/GaAs superlattice” 

One of the GaInNAs MQW samples from Paper C was analyzed in detail by cross-section TEM 
and XRD. The PL peak splitting could be related to compositional clustering, as observed by in-
plane lattice constant fluctuations appearing under dark field TEM (220) diffraction conditions. 
Similar, but weaker fluctuations appeared also in a corresponding N-free InGaAs MQW, which 
however did not exhibit PL peak splitting. The presence of both In and N seems to strengthen the 
clustering effect, and it is proposed that the GaInNAs PL peak splitting is caused by the extremely 
large energy scale of N content fluctuations. Furthermore, thin interfacial layers with an 
intermediate indium content were observed as dark lines by TEM under “pseudo-forbidden” (002) 
diffraction conditions. Comparisons with XRD simulations suggested that, in order for the net 
strain of the structure to be in agreement with the observed XRD patterns, at least one interfacial 
layer per MQW period is also enriched in N. This is consistent with the strong N incorporation 
dependence on In content which is so typical of MOVPE.  
Comments: In this paper symmetrical interface layer are assumed, but as pointed out in Section 4.6.3.2 the XRD 
results are just as well consistent with e.g. N only in the lower interface. 
 

Paper E: “Morphological instability of GaInNAs quantum wells on Al-containing layers 
grown by metal-organic vapor-phase epitaxy” 

An important MOVPE problem encountered also by other research groups is the quality 
degradation of highly-strained GaInNAs QWs when grown on buried AlGaAs layers. Both surface 
morphology and optical properties are found to deteriorate even if the AlGaAs layers are separated 
from the GaInNAs QWs by ∼100 nm thick GaAs spacer layers. By contrast, no such effects occur 
with N-free InGaAs QWs. The technological implications for GaInNAs VCL fabrication are 
evident and this paper contains a systematic study of the problem as applied to GaInNAs SQW 
growth on AlGaAs/GaAs DBRs. Most important, it was found that the QW quality improves by 
lowering the DBR growth temperature. Surface SIMS profiling revealed surface segregation of an 
Al-containing species, and also that the surface Al concentration decreased as a result of the 
lowered DBR growth temperature. 

 

Paper F:  “Low-temperature Metal-organic Vapor-phase Epitaxy Growth and 
Performance of 1.3-µm GaInNAs/GaAs Single Quantum Well Lasers” 

The effect of growth temperature on GaInNAs SQW PL properties was studied. For each 
temperature, the MOVPE source flows were adjusted to yield similar compositions and PL peak 
wavelengths. It turned out that both PL peak intensity and linewidth decreased with increasing 
growth temperature. Since both these parameters can be considered relevant to predict laser 
performance, the question rose as to which of them is the more important. Measurements on 
corresponding broad-area edge emitter lasers showed that the laser threshold current density 
decreased, i.e. suggesting that the PL linewidth improvement is the parameter to optimize for 
during MOVPE calibration work. The GaInNAs lasers were also compared with InGaAs lasers 
emitting at 1200 nm. However, the best GaInNAs BA laser threshold currents presented here were 
further reduced by a factor of two in Paper G. 
Comment:  As suggested by a recent temperature re-calibration, 10°C should be added to all MOVPE reactor 
temperatures throughout this paper in order to be consistent with the rest of the thesis. The conclusions are not affected. 
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Paper G: “Optimization of MOVPE-grown GaInNAs/GaAs quantum wells for 1.3-µm 
laser applications” 

A further improvement of the PL linewidth over that in Paper F was achieved by employing V/III 
ratios in excess of 2000. This resulted in lower laser threshold currents, but also in a reduced QW 
emission wavelength sensitivity to the growth temperature. Changes in growth rate and group-III 
sublattice composition induced by the large DMHy flows are also briefly reported. More details 
and a discussion of this phenomenon can be found in Section 4.6.4 of this thesis. 

  

Paper H: “Low-threshold high-temperature operation of 1.2 µm InGaAs vertical cavity 
lasers” 

The fabrication and characterization of single-quantum well InGaAs VCLs with room-temperature 
emission wavelengths up to 1215 nm is reported. These devices show continuous wave (CW) 
operation above 100°C and sub-mA thresholds up to 80°C. Due to the wavelength offset between 
gain and cavity resonance the minimum threshold current is obtained somewhat above room-
temperature. Possibilities of further extending the wavelength is discussed in terms of extensive 
cavity detuning at the price of low-temperature performance. 
Comment:  As suggested by a recent temperature re-calibration, 10°C should be added to all MOVPE reactor 
temperatures throughout this paper in order to be consistent with the rest of the thesis. The conclusions are not affected. 
 

Paper I: “1260 nm InGaAs vertical-cavity lasers” 

Record long emission wavelength InGaAs VCLs were fabricated using improved growth 
conditions and extensive gain-cavity detuning. The gain peak wavelength of the DQW active 
region is only around 1200 nm, which means that the cavity resonance condition occurs at the far 
long-wavelength side of the gain curve. Still, the gain is high enough to yield threshold currents in 
the low mA-regime and a maximum output power exceeding 1 mW, depending on device diameter. 
A result of the very large gain-cavity detuning is that the longest-wavelength devices have a rather 
narrow threshold current minimum at 80-90°C. By contrast, devices taken from the periphery of the 
wafer where the detuning is much smaller exhibit a more conventional threshold current 
dependence on temperature. As Fig. 26 of this thesis shows, direct modulation experiments were 
performed on the 1260-nm devices at 10 Gb/s in a back-to-back configuration with open, 
symmetric eye diagrams, indicating their potential for use in high-speed transmission applications. 
A discussion is included on the possibility of further improving the overall performance by 
extending the QW emission wavelength. 
Comment: The n-contact alloy is AuGe, and the p-contact alloy is AuBe. 
Due to edge-effects of this first processing batch the wafer center points were excluded. A second batch resulted in 
emission wavelengths up to 1265 nm.  
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Appendix 

Appendix 1: Interdiffusion and XRD pattern simulation files for AlGaAs DBRs (as 
used in Paper A) 
 

“Batch.m”: 

% This MATLAB script file executes first a diffusion simulation
% in a DBR AlGaAs composition profile.
% Then it calculates the corresponding XRD pattern (dynamical simulation).
% Finally it adds measurement background to the simulated pattern
% and convolutes with instrument function before plotting it together with
% the measured pattern for comparison
%
Diffusion_solver
a=[LD; h] % Save info about diffusion length (LD) and mesh step (h) (in nm)
save LD.dat a -ASCII
%
XRD_dynamic_calc
%
a=load('LD.dat') % Retrieve info from file
LD=a(1,1); h=a(2,1);
Plot_XRD_Pattern

“Diffusion_solver.m”: 

% Solver for the 1D diffusion equation on an equidistant mesh:
% c(i,k+1)=c(i,k)+(delta_t*D)/h^2*(c(i+1,k)-2*c(i,k)+c(i-1,k))

hold off
clear

h=1; % x increment (in nm)
delta_t=0.3; % t increment (in s)
D=0.1; % Diffusion constant (in nm²/s)

r=delta_t*D/h^2;

% Thickness of the layers in nm
d_GaAs=95.6;
d_AlAs=113;

N_AlAs=round(d_AlAs/h)
N_period=round((d_GaAs+d_AlAs)/h)
N_GaAs=N_period-N_AlAs

N=round(800/h) % Number of x-values

x_vec=(linspace(0,(N-1)*h,N))';
c=zeros(N,1);

for k=(N-N_GaAs):-1:(N-(N_GaAs+N_AlAs-1))
c(k)=1;
c(k-N_period)=1;

end

c_initial=c;
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plot(x_vec,c_initial,'r.-')

axis([0 max(x_vec) -0.1 1.1])
hold on

A=zeros(N); % Preallocation of equation matrix

for j=2:(N-1)
A(j,j-1)=r;
A(j,j)=1-2*r;
A(j,j+1)=r;

end

A(1,1)=r;
A(1,2)=1-2*r;
A(1,3)=r;
A(N,N)=r;
A(N,N-1)=1-2*r;
A(N,N-2)=r;

% Solving the equation

% Diffusion time = M seconds
M=50

c=A^M*c;

% Plot concentration profile

plot(x_vec,c);
axis([0 max(x_vec) -0.1 1.1])
xlabel('[nm]')
ylabel('Al fraction')
LD=sqrt(D*delta_t*M);
title(strcat('AlAs/GaAs interdiffusion, LD=',num2str(LD,2),'nm'))

c=0.2e-3*round(c*5e3); % Round off to three significant digits
plot(x_vec,c,'b');

a=N-N_GaAs-round(0.5*N_AlAs)-N_period;
b=N-N_GaAs-round(0.5*N_AlAs);
f=x_vec(a:(b-1));
e=c(a:(b-1));
plot(f,e,'r*')

% Create output file with a special format for XRD diffraction simulation
unit=zeros(N,1); unit(1:(a-1))=2; unit(a:(b-1))=3; unit(b:N)=4;

d=[]; % Thickness vector
conc=[]; % Al concentration vector
segment=[];
k=1;
n=1;
for j=1:(N-1)

if (c(j)==c(j+1) & unit(j)==unit(j+1) )
n=n+1;
if j==N-1

d(k,1)=n*h;
conc(k,1)=c(j);

segment(k,1)=unit(j);
end

else
d(k,1)=n*h;
conc(k,1)=c(j);
segment(k,1)=unit(j);
n=1; k=k+1;

end
end
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k
out=[d conc segment];
save Diff_sim.dat out -ASCII

out_plot=[x_vec c_initial c];
save Diff_plot.dat out_plot -ASCII

“XRD_dynamic_calc.m”: 

% Dynamic calculation of an x-ray diffraction pattern using the
% formalism of W.J. Bartels, J. Hornstra, D.J.W. Lobeek, Acta Cryst. A42(1986),
% pp. 539-545 and the improved deviation parameter of R. Zaus, J. Appl. Cryst. 26,
% pp. 801-811 (1993)
%
% Version 4.0.3, Carl Asplund 2000-03-30, 2000-04-04, 2000-04-13, 2000-04-17
% 2000-05-08, 2000-05-09, 2003-01-31

clear

h=0; k=0; l=2; % XRD pattern for the (hkl) reflection is calculated

lambda=0.154056e-9; %CuK-alpha
a_GaAs=0.56535e-9; a_AlAs=0.56611e-9; % Lattice parameters from Philips Epitaxy

% Poisson ratios
v_GaAs=0.311; % From Philips Epitaxy Materials Database
v_AlAs=0.353; % From Philips Epitaxy Materials Database

% GaAs substrate
a_sub=a_GaAs;
% Plane distance for (hkl):
d_hkl=a_sub/sqrt(h^2+k^2+l^2);
% Bragg angle of the substrate for the (hkl) reflection
th_B_sub=asin(lambda/(2*d_hkl))

% Substrate miscut = angle between crystal plane normal and surface normal (in radians)
phi=0.0*pi/180;

d=[]; x=[]; loop=[]; periods=[];
%
% Layer sequence, thicknesses in nm. Layer with index=1 is substrate
%N=5
%d(5)=97.8; x(5)=0; segment(5)=3;
%d(4)=115.6; x(4)=0.500; segment(4)=3;
%d(3)=97.8; x(3)=0; segment(3)=2;
%d(2)=115.6; x(2)=0.500; segment(2)=2;
%x(1)=0; segment(1)=1; % Substrate material
%periods(2)=4, periods(3)=6;
% Number of units
%no_of_segments=segment(N);

% Load composition file (interdiffused DBR structure)
s=load('Diff_sim.dat');
% Extract thickness, composition, and segment vectors. Add substrate parameters.
d=[0;s(:,1)]; x=[0;s(:,2)]; segment=[1;s(:,3)];
N=length(d), no_of_segments=segment(N);
periods(1)=1; periods(2)=1; periods(3)=25; periods(4)=1;

% Classical electron radius r_e (in m)
r_e=2.818e-15;

% Convert layer thickness information d(j) to interface depth z(j) (in SI units)
z=[]; F0_vec=[]; FH_vec=[]; e_perp_vec=[]; e_parall_vec=[];
for j=N:-1:1
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if j==N
z(j)=0;

else
z(j)=z(j+1)+d(j+1)*1e-9;

end
% Structure factors (F) and susceptibilities (Chi) for the incident (0)
% and diffracted (H) waves
% Volume of unit cell (V)
%
V=a_sub^3;
% Gamma is the scaling factor between F and Chi
Gamma=-r_e*lambda^2/(pi*V);
F_0=Structure_factor(0,0,0,x(j),0,0,a_sub,lambda);
Chi_0_vec(j)=Gamma*F_0;
F_H=Structure_factor(h,k,l,x(j),0,0,a_sub,lambda);
Chi_H_vec(j)=Gamma*F_H;
F_Hbar=Structure_factor(-h,-k,-l,x(j),0,0,a_sub,lambda);
Chi_Hbar_vec(j)=Gamma*F_Hbar;
% (Relaxed) Lattice parameter of Al(x)Ga(1-x)As:
a=(x(j)*a_AlAs+(1-x(j))*a_GaAs);
v=(x(j)*v_AlAs+(1-x(j))*v_GaAs);
e_xx=(a_sub-a)/a; % In-plane strain (real, not the X-ray definition)
e_zz=-v/(1-v)*2*e_xx; % Perpendicular strain (real, not the X-ray definition)
a_perp=(1+e_zz)*a; % Perpendicular lattice parameter of the tetragonally distorted

layer
% Plane distance for (hkl) (This version only correct for (00l)-reflections)
d_hkl=a_perp/sqrt(h^2+k^2+l^2);
th_B_vec(j)=asin(lambda/(2*d_hkl));

end

% Reset vectors for theta and diffracted intensity data
th_vec=[]; I=[];
m=0;
th_start=14.8, th_end=16.8
th_step=0.001
No_of_points=(th_end-th_start)/th_step

th_1=th_start*pi/180; th_2=th_end*pi/180;
th_s=th_step*pi/180;

% XRD scan starts here
for th=th_1:th_s:th_2

m=m+1

% Allocate memory for amplitude matrices
P=zeros(2,2,no_of_segments);

% Set intital values (identity matrix)
for j=1:no_of_segments

P(:,:,j)=eye(2);
end

% Cosine of incident (0) wave
gamma0=sin(th-phi);
%
for j=1:N

Chi_0=Chi_0_vec(j);
Chi_H=Chi_H_vec(j);
Chi_Hbar=Chi_Hbar_vec(j);
th_B=th_B_vec(j); % Bragg angle for layer j
gammaH=-sqrt(1-(cos(th-phi)-2*sin(th_B)*sin(phi))^2); % Cosine of diffr. (H) wave
b=gamma0/gammaH;
eta=(gamma0*(gamma0-gammaH-2*sin(th_B)*cos(phi))+ ...

(1/2)*Chi_0*(1-b))/(sqrt(abs(b))*sqrt(Chi_H*Chi_Hbar));
eta_bar=sqrt(eta^2-1);
if j==1

X0=eta-sign(real(eta))*eta_bar;
P0=[X0;1]; % Dynamical reflection amplitude from substrate
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else
t=z(j-1)-z(j);
T=pi*sqrt(Chi_H*Chi_Hbar)*t/(lambda*sqrt(abs(gamma0*gammaH)));
eta_barT=eta_bar*T;
P11=eta_bar*cos(eta_barT)-i*eta*sin(eta_barT);
P12=i*sin(eta_barT);
P21=-i*sin(eta_barT);
P22=i*eta*sin(eta_barT)+eta_bar*cos(eta_barT);
k=segment(j); % Layer segment number
P(:,:,k)=[P11 P12;P21 P22]*P(:,:,k);

end
end

% Calculate reflection amplitude PT for superlattice

PP=eye(2);

PP=PP*P0; % subtrate
for j=2:no_of_segments

hum=abs(max(max(P(:,:,j))));
if hum>0

P(:,:,j)=P(:,:,j)/hum; % Normalization, to avoid floating point overflow
else

P(:,:,j)=P(:,:,j)*0;
end
% Diffraction amplitude matrix for superlattice times d:o for substrate
PP=P(:,:,j)^periods(j)*PP;

end
if abs(PP(1))>0

PT=PP(1)/PP(2);
else

PT=0;
end
% Total diffracted intensity (in arbitrary units)
I(m)=4e5*(abs(PT))^2;

omega_vec(m)=(th-phi)*180/pi; % Omega = theta - phi (i.e. incidence angle)
end

semilogy(omega_vec,I,'r') % Plot diffraction curve as a function of incidence angle
zoom

% Save XRD pattern data on file
out=[transpose(omega_vec) transpose(I)];
save XRD_sim.dat out -ASCII

“Structure_factor.m” (subroutine called by “XRD_dynamic_calc.m”) 

function [z]=Structure_factor(h,k,l,x,y,z,a,lambda);
%
% Returns the (h k l) structure factor for the
% alloy Al(x)In(y)Ga(1-x-y)As(1-z-t)P(z)Sb(t). However,
% the Bragg-angle for the (h k l) plane (should refer to
% the substrate) is calculated using lattice paramter a.
% The anomalous dispersion and absorption corrections refers to
% CuKalpha (1.54056Å), and might thus be wrong if another wavelength is used.
%
% Formulas and atomic from factors are taken
% from International Tables for X-ray Crystallography,
% edited by J. Ibers and W.C: Hamilton (Kynoch, Birmingham, 1974) Vol. IV.
%
% OBS! lambda and a in units of m
% Version 1.2, Carl Asplund 2002-08-19
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theta=asin(sqrt(h^2+k^2+l^2)*lambda/(2*a));

C_Al=1.1151;
Al=[6.4202 1.9002 1.5936 1.9646; 3.0387 0.7426 31.5472 85.0886];
Al_anom=[0.204 0.246];
f_Al=C_Al+Al_anom(1)+i*Al_anom(2);
for j=1:4

f_Al=f_Al+Al(1,j)*exp(-Al(2,j)*(sin(theta)/(1e10*lambda))^2);
end
f_Al;

C_Ga=1.7189;
Ga=[15.2354 6.7006 4.3591 2.9623; 3.0669 0.2412 10.7805 61.4135];
Ga_anom=[-1.354 0.777];
f_Ga=C_Ga+Ga_anom(1)+i*Ga_anom(2);
for j=1:4

f_Ga=f_Ga+Ga(1,j)*exp(-Ga(2,j)*(sin(theta)/(1e10*lambda))^2);
end
f_Ga;

C_In=4.9391;
In=[19.1624 18.5526 4.2948 2.0396; 0.5476 6.3776 25.8499 92.8029];
In_anom=[-0.126 5.045];
f_In=C_In+In_anom(1)+i*In_anom(2);
for j=1:4

f_In=f_In+In(1,j)*exp(-In(2,j)*(sin(theta)/(1e10*lambda))^2);
end
f_In;

C_As=2.531;
As=[16.6723 6.0701 3.4313 4.2779; 2.6345 0.2647 12.9479 47.7972];
As_anom=[-1.011 1.006];
f_As=C_As+As_anom(1)+i*As_anom(2);;
for j=1:4

f_As=f_As+As(1,j)*exp(-As(2,j)*(sin(theta)/(1e10*lambda))^2);
end
f_As;

C_P=1.1149;
P=[6.4345 4.1791 1.78 1.4908; 1.9067 27.157 0.526 68.1645];
P_anom=[0.283 0.434];
f_P=C_P+P_anom(1)+i*P_anom(2);;
for j=1:4

f_P=f_P+P(1,j)*exp(-P(2,j)*(sin(theta)/(1e10*lambda))^2);
end
f_P;

C_Sb=4.5909;
Sb=[19.6418 19.0455 5.0731 2.6827; 5.3034 0.4607 27.9074 75.2825];
Sb_anom=[-0.287 5.894];
f_Sb=C_Sb+Sb_anom(1)+i*Sb_anom(2);;
for j=1:4

f_Sb=f_Sb+Sb(1,j)*exp(-Sb(2,j)*(sin(theta)/(1e10*lambda))^2);
end
f_Sb;

f_III=x*f_Al+y*f_In+(1-x-y)*f_Ga;
f_V=z*f_P+(1-z)*f_As;
F_fcc=1+exp(-i*pi*(h+k))+exp(-i*pi*(h+l))+exp(-i*pi*(k+l));
F=(f_III+f_V*exp(-i*pi*(h+k+l)/2))*F_fcc;

z=F;

“Plot_XRD_pattern.m”: 
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s=load('m1635a00.dat');
x=s(:,1); y=s(:,2);
semilogy(x,y,'k') % plot measured XRD pattern
hold on
%
s=load('XRD_sim.dat');
x=s(:,1); y=s(:,2);
y=y+1.0; % Add background countrate
f=[-3:0.1:3];u=0.35*exp(-f.*f/0.025); % Convolute data with instrument function
y=conv(y,u);
a=round((length(u)-1)/2);
a1=1+a; a2=length(y)-a;
y=y(a1:a2);
semilogy(x,y,'r') % plot simulated XRD pattern
out=[x y];
save 'XRD_sim_conv.dat' out -ASCII
txt=strcat('Black:m1635a00.dat(measured),...

Red: Simulation, LD=',num2str(LD,2),'nm, step=',num2str(h,2),'nm');
title(txt)
zoom
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Appendix 2: Composition calculation for a GaInNAs/GaAs QW based on thickness, 
strain, and room-temperature PL wavelength 

% Calculation of the composition (x,y) of a GaAs/Ga(1-x)In(x)N(y)As(1-y)/GaAs
% QW based on thickness, strain, and RT-PL emission wavelength.
% Only C1-HH1 transitions are considered.
% Version 2.0
% Carl Asplund 990920,000906,001012, 001016, 2003-02-05

clear

% Load material data parameters
GaInNAs_material_data;

% Enter measured PL wavelength (in nm)
lambda_measured = 1300;
% Enter QW thickness (in nm)
Lz= 6.0;
% The strain is most conveniently expressed in terms of
% equivalent In fraction. The fraction x_str to be entered is the
% composition obtained from XRD analysis (simulation),
% by assuming In(x)Ga(1-x)As, that is, no N.
x_str=0.36;
% The quantity to be matched for each (x,y) composition is the
% XRD strain, i.e. the perpendicular strain relative to the
% substrate lattice parameter, NOT relative to the relaxed alloy
% lattice parameter.

x = x_str; y = 0;
e_perp_XRD_ref=e_perp_XRD(x,y);

x_vec=[]; y_vec=[]; lambda_vec=[];

y = 0;
for x=x_str:0.005:(x_str+0.04)

% For this x, find y that gives the measured strain (numerically)
e = e_perp_XRD(x,y);
diff = e - e_perp_XRD_ref;

while abs(diff)>1e-6
y = y + 2*diff;
e = e_perp_XRD(x,y);
diff = e - e_perp_XRD_ref;

end

% Calculate PL wavelength of the QW
lambda=GaInNAs_QW_WL(Lz,x,y);

% Add to results vector
x_vec=[x_vec x];
y_vec=[y_vec y];
lambda_vec=[lambda_vec lambda];

end

% Calculate composition that gives the measured PL wavelength
% by linear interpolation
y = interp1(lambda_vec,y_vec,lambda_measured);
x = interp1(y_vec,x_vec,y);

plot(y_vec,lambda_vec,'o-b')
Mytitle=strcat(num2str(Lz),...

'nm GaInNAs/GaAs QW, composition: x = ',num2str(x),', y = ',num2str(y));
title(Mytitle)
xlabel('Nitrogen fraction y')
ylabel('PL wavelength / nm')
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hold on

% Show red line representing measured wavelength
temp=lambda_measured*ones(1,length(y_vec));
plot(y_vec, temp,'r')

zoom on;
lambda_vec';

% [1] J. Hornstra, W.J. Bartels, Journal of Crystal Growth 44 (1978) 513-517
% [2] D. Chandrasekhar et al., J. Cryst. Growth 152 (1995) 135-142
% [3] PC-HRS, a dynamical x-ray simulation software from Philips
% [4] M.E. Sherwin, T.J. Drummond, J. Appl. Phys. 69 (1991) 8423-8425
% [5] J.J. Coleman in "Quantum Well Lasers", P. Zory (ed.), p. 373
% [6] R. People, J.C. Bean, Appl. Phys. Lett. 47 (1985) 322-324
% [7] S. Adachi, J. Appl. Phys. 53 (1982) 8775-8792
% [8] L.A. Coldren, S.W. Corzine, "Diode Lasers and Photonic
% integrated circuits", p. 529
% [9] D.D. Nolte et al., Phys. Rev. Lett. 59 (1987) 501-504
% [10] M. Cardona, N.E. Christensen, Phys. Rev. B 35 (1987) 6182-6194
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% [12] S. Niki, et al., Appl. Phys. Lett 55 (1989) 1339-1341
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"GaInNAs_material_data.m" 

% GaInNAs material data file
% Carl Asplund 2000-09-12, 2003-02-05

global Eg_GaAs dEc_dEg mc_GaAs gamma
global me hbar e nm K

% Lattice constants for GaAs and InAs
a_GaAs=5.6533; a_InAs=6.0584;
% Lattice constants for GaN and InN (Z.B. polytypes) from Ref. [2]
a_InN=4.98; a_GaN=4.52;

% Elastic constants of GaAs and InAs from Ref. [1] (in units of 1E10 Pa)
c11_GaAs=11.88; c12_GaAs=5.37;
c11_InAs=8.33; c12_InAs=4.53;
% Elastic constants of GaN and InN from Ref. [4] (in units of 1E10 Pa)
c11_GaN=26.4; c12_GaN=15.3;
c11_InN=17.2; c12_InN=11.9;

% Hydrostatic bandgap deformation potentials for InAs and GaAs (in eV)
% ah here assumed to be independent of y. Calculated from
% bandgap dependence on hydrostratic pressure, values from Ref [7].
dEg_dP_GaAs=11.5; dEg_dP_InAs=10.0;
ah_GaAs=-0.1*(c11_GaAs+2*c12_GaAs)/3*dEg_dP_GaAs;
ah_InAs=-0.1*(c11_InAs+2*c12_InAs)/3*dEg_dP_InAs;
ah_GaN=a_GaAs; ah_InN=a_InAs;

% Valence band shear deformation potentials for <001> distortions
% (in eV). From Ref. [5], p. 378.
% b here assumed to be independent of y
b_GaAs=-2.0; b_InAs=-1.8;
b_GaN=b_GaAs; b_InN=b_InAs;
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% Conduction band offset for strained GaInAs on GaAs (assumed to
% be the offset between conduction and heavy-hole valence band!)
dEc_dEg=0.65; % Ref. [12]

% Conduction and heavy-hole effective masses (3D). From Ref. [5],
% p. 378. mc and mHH are, for the moment, assumed not to depend on y
mc_GaAs=0.069; mc_InAs=0.023;
mc_GaN=mc_GaAs; mc_InN=mc_InAs;
mHH_GaAs=0.47; mHH_InAs=0.41;
mHH_GaN=mHH_GaAs; mHH_InN=mHH_InAs;

% Effective mass non-parabolicity parameter (in units of nm^2) of
% strained InGaAs on GaAs from Ref. [16]
gamma=0.3;

% Fundamental physical constants in SI units
me=9.1093897e-31;
hbar=1.05457266e-34;
e=1.60217733e-19;
nm=1e-9; % 1 nanometer

% K is used in the calculation of the confinement energies
K=me*e*(nm/hbar)^2;

"e_perp_XRD.m" 

function [z]=e_perp_XRD(x,y);
% Returns the "x-ray strain" perpendicular to the (001) growth surface.
% This is the strain in the growth direction with reference to the GaAs
% substrate lattice parameter.

% Load material data parameters
GaInNAs_material_data;

a = Linear(x, y, a_InN, a_InAs, a_GaN, a_GaAs); % Lattice constant of alloy

% Lattice mismatch relative to native lattice param. of layer
f_nat = (a_GaAs - a) / a;

c11=Linear(x, y, c11_InN, c11_InAs, c11_GaN, c11_GaAs);
c12=Linear(x, y, c12_InN, c12_InAs, c12_GaN, c12_GaAs);

z=((1-2*c12/c11*f_nat)*a-a_GaAs)/a_GaAs;

" GaInNAs_QW_WL.m"

function [lambda_QW]=GaInNAs_QW_WL(Lz, x, y);
% Returns RT-PL wavelength of a GaInNAs/GaAs QW
% Input parameters: Lz (QW thickness in nm), x (In fraction), and y (N fraction)
%
% Carl Asplund 2003-02-05

% Load material data parameters
GaInNAs_material_data;

% The in-plane strain f_nat of the alloy relative to its native
% unstrained lattice constant is calculated, assuming that the
% alloy is strained in a way that its in-plane lattice constant equals
% that of the substrate.
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a=Linear(x,y,a_InN,a_InAs,a_GaN,a_GaAs); % Lattice constant of alloy
f_nat=(a_GaAs-a)/a;

% Hydrostatic bandgap deformation potential of the alloy
ah=Linear(x,y,ah_InN,ah_InAs,ah_GaN,ah_GaAs);

% Valence band shear deformation potential of the alloy
b=Linear(x,y,b_InN,b_InAs,b_GaN,b_GaAs);

% The energy shift of C-HH transitions due to strain becomes dEg_str:
% See, for example, Ref. [8], p. 533
c11=Linear(x,y,c11_InN,c11_InAs,c11_GaN,c11_GaAs);
c12=Linear(x,y,c12_InN,c12_InAs,c12_GaN,c12_GaAs);
H=ah*f_nat*2*(c11-c12)/c11;
S=b*f_nat*(c11+2*c12)/c11;
dEg_str=H-S;

% Bandgap energy of GaAs and unstrained Ga(1-x)In(x)As (in eV)
% from Ref. [5], p. 378

Eg_GaAs=1.424;
Eg_0=1.424-1.62*x+0.56*x^2;

% Bandgap of strained Ga(1-x)In(x)As on GaAs
Eg_InGaAs=Eg_0+dEg_str;

% Conduction band edge of GaAs relative to GaAs valence band edge
Ec_GaAs=Eg_GaAs;

% Strained InGaAs conduction band edge energy (relative to GaAs valence
% band edge)
Ec_InGaAs=Ec_GaAs-dEc_dEg*(Eg_GaAs-Eg_InGaAs);
EHH_InGaAs=(1-dEc_dEg)*(Eg_GaAs-Eg_InGaAs);

% Calculate band edge of GaInNAs conduction band (lower branch)
% (relative to GaAs valence band edge)
temp=CB_eff_mass_energy(Ec_InGaAs,0,x,y);
Ec_GaInNAs=temp(2);
EHH_GaInNAs=EHH_InGaAs; % No change in valence band energy with y

% QW confinement potentials in conduction and valence bands respectively
Vc=Ec_GaAs-Ec_GaInNAs;
VHH=EHH_GaInNAs;

% Effective (3D) electron- and HH masses of the alloy
mHH_well=Linear(x,y,mHH_InN,mHH_InAs,mHH_GaN,mHH_GaAs);
mc_barr=mc_GaAs;
mHH_barr=mHH_GaAs;

% Quantum confinement levels C1 and HH1 in the conduction and
% heavy-hole bands, respectively.
% Conduction band non-parabolicity of InGaAs and nitrogen-induced
% band anti-crossing effects are taken into account in the calculation
% of the C1 level.
dEc_QW=QW_Level_c(Ec_InGaAs,Lz,mc_barr,Vc,x,y);
dEHH_QW=-QW_Level_v(Lz,mHH_well,mHH_barr,VHH);

% Calculate PL wavelength, including an approximate exciton
% binding energy of 8 meV; see Ref. [20]
Eg_QW=(Ec_GaInNAs+dEc_QW)-(EHH_GaInNAs+dEHH_QW)-0.008;
lambda_QW=1239.8/Eg_QW; % Convert from energy (eV) to wavelength (nm)

"Linear.m" 
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function [z]=Linear(x,y,A,B,C,D);
% Bilinear interpolation
z=x*y*A+x*(1-y)*B+(1-x)*y*C+(1-x)*(1-y)*D;

"QW_Level_c.m" 

function [z]=QW_level_c(Ec_InGaAs,Lz,m_barr,V,x,y);
% Calculates confined QW level in the conduction band using band anticrossing
% (BAC) derived effective masses and a QW calculation formalism for
% non-parabolic materials of B.R. Nag; see refs. [18,19].
% Two different masses are used: The "velocity" effective mass (a.k.a.
% "density-of-states" effective mass) and the "energy" effective mass.
% In the solution of the Scrödinger equation the first mass is used in the boundary
% conditions and the second mass is used to obtain the wavevector k from the
% confinement energy E. The method ensures conservation of the probability current
% across interfaces; see refs. [18,19].
% The barrier material is assumed to have a parabolic dispersion relation so these
% masses become dentical: m_energy_barr=m_velocity_barr=m_barr.
%
% Carl Asplund 2003-02-05

global K

if (V>0) & (Lz>0)
% Initial guess = zero confinement energy, zero wavevector
E=0.0000;
kw=0.0000;
diff=-0.1;
temp=CB_eff_mass_energy(Ec_InGaAs,kw,x,y);
m_velocity_well=temp(1);
m_energy_well=temp(3);

while abs(diff)>1e-5
E=E-0.1*diff;
kw=sqrt(2*K*m_energy_well*E); % Wavevector in well
kb=sqrt(2*K*m_barr*(V-E)); % Wavevector in barrier
temp=CB_eff_mass_energy(Ec_InGaAs,kw,x,y); % Call BAC routine
m_velocity_well=temp(1); % "Velocity" effective mass
m_energy_well=temp(3); % "Energy" effective mass
diff=(m_barr*kw)*tan(kw*Lz/2)-(m_velocity_well*kb);

end
else

E=V;
end
z=E;

"CB_eff_mass_energy.m" 

function [z]=CB_eff_mass_energy(Ec_InGaAs,k,x,y);

% Calculates conduction band (non-parabolic) effective masses for GaInNAs,
% as well as lower conduction branch energy (relative to GaAs valence
% band edge) the band anticrossing (BAC) model presented in Ref. [17].
% InGaAs matrix conduction band mass and nonparabolicity parameter "gamma"
% taken from Ref. [16]
%
% The "velocity" effective mass (a.k.a. "density-of-states" effective mass),
% as well as the "energy" effective mass returned by this function are defined
% in refs. [18,19].
%
% Input: "k" is the wavevector in the well (in units of nm-1)
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% Returns: "m_velocity" (in units of me),
% "E_lower" (in eV, relative to GaAs valence band edge)
% "m_energy" (in units of me)
%
% Carl Asplund 2000-09-12, 2003-02-05

global dEc_dEg gamma mc_GaAs Eg_GaAs
global me hbar e nm K

% Energy of the strained non-parabolic InGaAs-matrix conduction band at wavevector k
% RELATIVE to GaAs valence band edge (this is important!)
EM=Ec_InGaAs+k^2/(2*K*mc_GaAs)*(1-gamma*k^2);
EM0=Ec_InGaAs; % InGaAs conduction band edge

% The conduction band mass of the strained InGaAs alloy is
% assumed to be the same as in GaAs, being independent of x.
% See 8x8 k.p calculations in Ref. [16] for justification of this.
mc_InGaAs_0=mc_GaAs;

% mM=InGaAs-matrix effective (velocity) mass at wavevector k
mM_velocity=mc_InGaAs_0*1/(1-2*gamma*k^2);

C_NM=2.7; % Coupling parameter in eV, see Ref. [17] for definition
V_NM=C_NM*sqrt(y); % Matrix element for coupling to localized N-states
EN=1.65; % Energy of localized N-states (eV) RELATIVE to GaAs valence band edge

% BAC calculation of GaInNAs conduction band mass and energy, lower branch.
% From eq. (3) in Ref. [17]
m_velocity=2*mM_velocity*1/(1-(EM-EN)/sqrt((EM-EN)^2+4*V_NM^2));
E_lower=(1/2)*((EM+EN)-sqrt((EM-EN)^2+4*V_NM^2));
if k == 0

m_energy=mM_velocity;
else

m_energy=(hbar*k/nm)^2/((2*e*me)*(E_lower-(1/2)*((EM0+EN)-sqrt((EM0-
EN)^2+4*V_NM^2))));
end
z=[m_velocity,E_lower,m_energy];

"QW_Level_v.m" 

function [z]=QW_level_v(Lz,m_well,m_barr,V);
% Confined QW level, valence band
% Carl Asplund 2003-02-05

global K

if (V>0) & (Lz>0)
% Initial guess = zero confinement energy
E=0.0000;
kw=sqrt(2*K*m_well*E);
kb=sqrt(2*K*m_barr*(V-E));
diff=(m_barr*kw)*tan(kw*Lz/2)-(m_well*kb);
while abs(diff)>1e-5

E=E-0.003*diff;
kw=sqrt(2*K*m_well*E);
kb=sqrt(2*K*m_barr*(V-E));
diff=(m_barr*kw)*tan(kw*Lz/2)-(m_well*kb);

end
else

E=V;
end
z=E;
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