IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Structural and optical properties of GalInNAs/GaAs quantum structures

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2004 J. Phys.: Condens. Matter 16 S3009
(http://iopscience.iop.org/0953-8984/16/31/002)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 129.252.86.83
The article was downloaded on 27/05/2010 at 16:20

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/16/31
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 16 (2004) S3009-S3026 PII: S0953-8984(04)75460-0

Structural and optical properties of GaInNAs/GaAs
quantum structures

1

T Hakkarainen'2, J Toivonen'->, H Koskenvaara', M Sopanen' and

H Lipsanen'

! Optoelectronics Laboratory, Helsinki University of Technology, PO Box 3500,
FIN-02015 HUT, Finland

2 Optoelectronics Research Centre, PO Box 692, FIN-33101 Tampere, Finland

3 Laboratory of Biophysics, University of Turku, PO Box 123, FIN-20521 Turku, Finland

E-mail: teppo.hakkarainen@orc.tut.fi

Received 26 January 2004

Published 23 July 2004

Online at stacks.iop.org/JPhysCM/16/S3009
doi:10.1088/0953-8984/16/31/002

Abstract

Structural and optical properties of GalnNAs/GaAs quantum structures grown
by metalorganic vapour phase epitaxy (MOVPE) are studied. The growth
of arsenide—nitrides by MOVPE is reviewed and compared to the other
major growth technique, molecular beam epitaxy. Post-growth thermal
annealing and laser irradiation are employed and found to affect GalnNAs
quantum wells differently: with laser treatment no undesired blue-shift of
the photoluminescence peak is observed. The critical thickness for misfit
dislocation formation of GaAsN on GaAs is found to be about twice as large
as the theoretical prediction. GaAsN epilayers are also found to contain Ga
vacancies in defect complexes. The current status of experimental research
on GalnNAs quantum dot structures is reviewed. Self-organized and strain-
induced GalnNAs quantum dots are grown and their formation and optical
properties are studied. The emission wavelength of InGaAs quantum dots is
extended by using InGaAs and GalnNAs barrier layers.

1. Introduction

Transmitters with long-wavelength semiconductor lasers are key components in the
development of optical fibre networks for the internet and data traffic. Today’s high-speed
lasers operating at 1.3 and 1.55 pum wavelengths are made of InP-based heterostructures.
However, the GalnAsP/InP laser structures have some shortcomings such as low characteristic
temperature and inapplicability to vertical-cavity surface-emitting lasers (VCSELs). Low
characteristic temperature coefficient is due to the existence of small band gap discontinuities
between the conduction bands of InP and GalnAsP and cannot be significantly improved by
band gap engineering. Due to the small refractive index difference of InP-based materials, it
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is very difficult to realize the distributed Bragg reflector mirrors needed for a VCSEL. More
cost-effective GaAs-based VCSELs are used in short-range optical communication at 850 nm
wavelength. Therefore, for several years there has been a lot of activity in developing GaAs-
based active material for long-wavelength lasers.

GalnNAs was proposed by Kondow et al [1] as a material that could be grown lattice
matched on GaAs with the possibility of reaching light emission at 1.3 um and beyond due to
the large band gap bowing with increasing nitrogen composition. The study of GaInNAs and
other III-V-N semiconductors has been increasing ever since. Besides its cost-effectiveness
and robustness, GalnNAs can be used to prepare monolithic VCSELs [2—4], which would be
ideally suited for 1.3 umtransmission systems. Moreover, GalnNAs edge-emitting lasers [5—8]
could be used in Raman amplifiers in wavelength division multiplexing architectures. Raman
amplification requires output powers close to 1 W in single mode. Such power levels seem
to be out of the reach of GalnAsP/InP or AlGalnAs/InP lasers. Recently, GaInNAs has also
been employed to fabricate semiconductor saturable absorber mirrors used for mode-locking
in a fibre laser system operating at 1.5 pm [9].

Although promising device results have been obtained, the material properties of GalnNAs
are still not completely understood. GaInNAs exhibits interesting new properties and differs
considerably from the conventional III-V alloys, such as InGaAs, AlGaAs and GalnAsP.
Significant changes occur in the electronic band structure compared to GaAs with incorporation
of only a small fraction of nitrogen into GaAs. These include a large red-shift of the band
gap [10-15], an increase in the electron effective mass [16—18], a highly nonlinear pressure
dependence of the band gap [19, 20] and the N-induced formation of new bands [14, 15, 20, 21].
A number of theoretical approaches such as a band anti-crossing model [20, 22, 23], an
empirical pseudopotential method [24-27] and k - p models [28, 29] have been proposed to
describe all the above mentioned phenomena. However, modelling the properties of GaInNAs
has been found to be difficult and the models often yield conflicting results. Review articles have
been written on the material properties and lasing features of dilute nitride semiconductors [30—
33]. Therefore, we choose not to repeat the basic material features of GaInNAs in this paper.
Instead, we focus on our studies on the structural and optical properties of GaInNAs/GaAs
quantum well (QW) and quantum dot (QD) structures and GaAsN epilayers grown by MOVPE.

2. Experiments

MOVPE growth was carried out on GaAs(100) substrates in a horizontal atmospheric
pressure reactor having a cross-sectional area of 3 cm?.  Trimethylgallium (TMGa),
trimethylindium (TMIn), tertiarybutylarsine (TBAs), tertiarybutylphosphine (TBP) and
dimethylhydrazine (DMHy) were used as sources for gallium, indium, arsenic, phosphorus and
nitrogen, respectively. Typical growth temperatures for GalnNAs material were in the range
500-550°C. All the temperatures mentioned here are thermocouple readings. In situ and post-
growth annealing was performed under excess As ambient in the MOVPE reactor to improve the
optical quality of the materials. The structural properties were studied using several techniques.
The surface morphology of the material was investigated by means of a contact-mode atomic
force microscope (AFM) using SiN tips. High-resolution x-ray diffraction (HRXRD) was
used to determine the thickness and the composition of the grown epitaxial layers. Misfit
dislocations in the epilayers were detected by synchrotron x-ray topography measurements
performed at the HASYLAB-DESY, Hamburg, Germany. Positron annihilation spectroscopy
in Doppler-broadening mode was used to study vacancies in the MOVPE-grown GaAsN. The
optical properties of the samples were characterized by photoluminescence (PL) spectroscopy
and time-resolved PL measurements.
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3. Growth of GaInNAs

Dilute nitrides like GaAsN and GaInNAs differ from many other III-V semiconductors because
their binary constituents have sub-lattices with different crystal structures, and there is an
alloy miscibility gap [34]. Experiments indicate that GalnNAs should be grown at a reduced
growth temperature under highly non-equilibrium nucleation conditions. If either the growth
temperature or the mole fraction of nitrogen is too high, phase segregation occurs and the
alloy breaks up into microscopic regions of GalnN and GalnAs, resulting in very poor optical
properties [31]. This section gives a short review of some of the important issues related to
the MOVPE growth of dilute nitrides and contrasts these to the other major epitaxial growth
technique, molecular beam epitaxy (MBE).

GalnNAs is a relatively new material, and the most suitable combination of precursors
for MOVPE growth is not yet clear. A low growth temperature of 500-600 °C is needed for
N incorporation. Therefore, precursors should have low decomposition temperatures. It is
also important to choose precursors which are known to generate low background impurity
concentrations. The gallium precursor used in this work, TMGa, decomposes incompletely
at low temperatures. Thus, the growth rate decreases when the temperature is decreased. We
measured the decrease in the growth rate to be 10% at 540°C and 15% at 520 °C compared
to the growth rate at temperatures above 600 °C. The other commonly used gallium source,
triethylgallium (TEGa), has a lower decomposition temperature and provides a constant growth
rate at temperatures from 700°C down to 500°C [35]. Unintentional carbon doping is
greatly enhanced at low growth temperatures when using TMGa [36]. This is due to a stable
monomethylgallium molecule and is avoided by using TEGa. Overall, TEGa is considered
a more suitable source of Ga for low-temperature-grown arsenide—nitrides than TMGa [37].
The most common source for arsenic in MOVPE is gaseous and very toxic arsine. TBAs is a
less hazardous arsenic source and also has about 200 °C lower decomposition temperature than
arsine [38]. Several precursors have been used to incorporate nitrogen in arsenide—nitrides.
Nowadays the most widely used N source for the MOVPE of arsenide—nitrides is DMHy, even
though very low N incorporation efficiency is observed. Indeed, we found that in the growth
of GaAsN with DMHy the distribution coefficient of nitrogen over arsenic is very low, 0.0052.
However, we were still able to achieve a composition of 0 < x < 0.056 for GaAs;_, N, with
DMHy [39]. Other nitrogen sources used for MOVPE and metalorganic MBE, hydrazine [35],
monomethylhydrazine [40], tertiarybutylhydrazine [41, 42] and nitrogen trifluoride (NF3) [35],
have been reported to incorporate nitrogen more efficiently than DMHy. A common feature
of hydrazine-type precursors is that they all release NH, radicals when they decompose. The
large number of different radicals in the gas phase leads to very complicated reactions and the
properties of the grown crystal may vary greatly between different types of reactor.

Figure 1 shows the effect of the growth temperature on the N composition of
Gaj_,InyN,As;_, QWs. Two In compositions of y = 0.1 and 0.3 were used. Typically
for MOVPE growth, the N composition decreases rapidly with increasing growth temperature.
This effect is even more pronounced with a larger In concentration and is probably caused
by the enhanced N desorption from the surface [43]. The optimum growth temperature for
N incorporation in our reactor was found to be 520 °C. Decreasing the growth temperature
below this limit resulted in poor crystal quality. Drawbacks of the low growth temperature
are the increased impurity concentrations [36, 44] and the deteriorated material properties of
arsenide—nitrides [45, 46]. Thus, the determination of the growth temperature is a compromise
between the N incorporation efficiency and the material quality. Figure 1 also shows the well-
known inverse dependence of the N incorporation on the In concentration [47-49]. Due to this
effect, one needs to use very high DMHy/V ratios of above 0.9 to incorporate a few per cent
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Figure 1. Nitrogen composition x of Gaj_yInyN,As;_, as a function of growth temperature for
In compositions y = 0.1 and 0.3.
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Figure 2. Effect of DMHy/TBAs molar flow ratio on the N concentration of GaAsN/GaAs MQW
structures. The V /Il ratio of each sample is shown in parentheses and the lines are guides to the eye.

of nitrogen into strained GaInNAs QWs [49]. The cause of this effect is still not completely
clear, but it is directly related to the chemistry of DMHy, TMGa and TMIn precursors. TMGa
and TMIn produce reactive CHj3 radicals, which might affect the N incorporation by forming
methylamine with NH; radicals [35, 41]. In contrast to the hydrazine-type nitrogen sources,
layers grown with NF; show only a minimal dependence of the nitrogen content on the In
concentration [41].

Figure 2 shows the effect of the DMHy/TBAs ratio on the N concentration of the GaAsN
layers grown at 530°C. At such a low growth temperature a low TBAs/III ratio of about
two is sufficient for the surface protection of GaAsN. When the TBAs flux is kept constant
(TBAs/III = 2), the N concentration increases linearly with increasing DMHy flux up to 5%
and then saturates to 5.6%. The dependence of the N concentration on the TBAs flux is also
linear, the N concentration increases with decreasing TBAs/III ratio. However, when the
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TBAs/III ratio was decreased below 2, no high-quality crystal growth was observed because
the surface protection was lost. The N concentration becomes more and more sensitive to the
V/III ratio with increasing DMHy/V ratio. In order to incorporate over 2% of nitrogen into
GaAs, more than 80% of the total group-V gas flow has to be DMHy.

MBE differs in many ways from MOVPE in the growth of arsenide—nitrides, especially
when elemental solid sources are used. Pure reactive atomic sources are delivered to the MBE
chamber and the growth is performed in vacuum. In such conditions, much lower growth
temperatures can be used. The decomposition of precursors and the prereactions between them
arenotaconcern. Nitrogen is produced from a radio-frequency plasma source, which allows for
growth at low temperature. However, there are also several kinds of nitrogen ion in plasma, like
N+ and N?*, that can form severe defects when tunnelling into the growing structure. Opposite
to MOVPE, the In and N compositions in MBE can be controlled independently [43, 50]. The
sticking probability of nitrogen is reported to be very high; virtually all the incident nitrogen
atoms incorporate into the crystal [31, 43] as long as the growth temperature is below 500 °C
and the V/III ratio is not too large [51]. Also unlike in MOVPE, resultant N composition
in MBE appears to be inversely proportional to the group-III growth rate [51]. Not much
is known about the effects of the V/III beam flux ratio on optical properties of MBE-grown
GalnNAs. In the studies by Kondow et al [52] the emission wavelength exhibited a parabolic
behaviour as the V/III ratio was varied. However, the V/III ratio does not seem to have such
a drastic effect on the alloy composition or nitrogen sticking probability as in MOVPE.

It is clear that the growth of arsenide—nitrides is a complicated task, regardless of the
growth method. The PL intensity of GalnNAs deteriorates very rapidly with increasing N
concentration. Perhaps the best strategy for obtaining device-quality Ga;_yIn,N,As;_, is to
introduce a minimum amount of nitrogen and maintain the QW under maximum compressive
strain. The finding that x should be kept as small as possible is further validated by the
observations that nitrogen induces large alloy fluctuations in Ga;_,In,NAs;_, [30, 53, 54].
Large x also reduces material gain very significantly. Although the growth of GalnNAs is
perhaps more easily controlled in MBE, MOVPE has advantages over MBE in production
related issues like easy maintenance, high growth rates, high uptime and lower total expenses.
After a careful optimization of growth conditions, the difference in the resulting material
quality is typically small between MBE and MOVPE. Indeed, good GalnNAs lasers have been
fabricated using both growth methods [55-59].

4. Optical properties of GaInNAs

Arsenide—nitrides show luminescence properties that are typical for materials exhibiting
exciton localization at the band edges due to potential fluctuations [60]. The spectral shape
of the luminescence changes at different temperatures. The PL peak has an exponential low-
energy tail at low temperatures <200 K caused by the emission from the localized states
below the conduction band edge. At higher temperatures >300 K the PL peak has a typical
high-energy tail caused by the emission from the thermally populated delocalized states of the
energy band. The transition from the localized exciton emission to the band edge emission
with increasing temperature causes an S-shaped behaviour for the PL peak energy as a function
of the temperature [61]. Long PL decay times have been measured for arsenide—nitrides at
low temperatures [53, 61]. The PL decay times of over 4 ns have been found for the localized
states in the low-energy tail, whereas the high-energy edge of the PL peak exhibits a decay
time of less than 500 ps. This short decay time at the high-energy edge is attributed to the
diffusion of the delocalized excitons to the rapid non-radiative centres. At room temperature
no such behaviour is found.
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Figure 3. Room-temperature PL spectra of 6 nm-thick GagsIng 32N, Asj—, QWs with x =
0, 0.006 and 0.014. The spectrum of a 9 nm-thick Gag 74In026No.03Asp.97 QW is also shown.

As-grown GalnNAs samples exhibit very poor optical activity and, therefore, need to be
annealed. Post-growth annealing treatment increases PL intensity usually by a factor of 10—
100. This is due to an improvement in the structural quality of the material via annihilation of
non-radiative recombination centres [62]. Deep-level transient spectroscopy studies indicate
that some carrier traps almost completely disappear on annealing, while others are very
persistent [63, 64]. Unfortunately, annealing also causes an undesired blue-shift of the PL
emission. Two distinct mechanisms have been proposed for the origin of the blue-shift. One
relies on the diffusion of N out of the GaInNAs QW and Ga, In or N interdiffusion at the
QW interfaces [65-67]. The second proposed microscopic mechanism causing a blue-shift is
associated with local atomic clustering. Because GalnNAs is not a perfectly random alloy, the
band gap is not exactly controlled by the compositions x and y. GaInNAs has been shown to
contain short-range N-centred N-In,,Gas_,, (0 < m < 4) clusters [25, 68, 69]. According to
the local density approximation [70], increasing the number of In—-N nearest neighbour bonds
from O to 4 increases the band gap by as much as 150 meV. This change in m gives rise to
five discrete band gaps for a fixed macroscopic composition. Thus, the annealing induced
blue-shift would originate from the re-arrangements of these atomic clusters.

We found the optimum annealing condition for PL intensity in our MOVPE reactor to be
10 min at 700 °C [49]. Figure 3 shows room-temperature PL spectra of Ga;_,In,N, As;_, QWs
annealed at this optimum condition. The rapid decrease of the PL intensity with increasing
N composition can be clearly seen. We were able to reach 1.61 um low-temperature PL
emission from a Gag 74Ing26No.03AS0.97/GaAs multiple QW structure. After annealing, this
sample exhibited room-temperature luminescence at 1.51 um. Experimental findings suggest
that x should not exceed 0.02 for device applications. With x ~ 0.02 the wavelengthof 1.5 um
cannot be reached if a simple GalnNAs/GaAs QW structure is used. However, GaAsN strain-
compensating and/or GalnNAs strain-mediating layers grown on both sides of the QW have
been used to push the emission wavelength well beyond 1.3 um [71]. Interestingly the strength
of the PL is not much deteriorated when these layers are used. The emission wavelength can
also be increased by alloying antimony into GaInNAs [72-77]. Besides shrinking the band gap,
Sb acts as a surfactant improving the surface kinetics and thus maintaining two-dimensional
growth under high surface stress. It looks like GaInNAsSb would allow for slightly larger In
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Figure 4. PL spectra measured at 15 K before and after thermal annealing and laser treatment of
a Gag gIng 2N 02 Asg.og QW structure. The PL excitation and the laser treatment intensities were
42 and 10000 W cm 2, respectively.

composition to be used in the QW without causing phase separation or lattice relaxation via
misfit dislocations [72].

In addition to the post-growth annealing, the luminescence intensity can be increased by
laser treatment [78]. We have studied the effects of laser irradiation on the optical properties
of 5 nm-thick GaInNAs QWs (see [79] for details). The effects of thermal annealing and laser
treatment were found to differ from each other. Figure 4 shows PL spectra measured at 15 K
from a Gag glng2No 02Asp9s QW structure before and after both thermal annealing and laser
treatment. Thermal annealing causes a 10-fold increase in the PL intensity but shifts the PL
peak by 86 meV to higher energies. This behaviour can be explained by the annihilation of
non-radiative recombination centres and the local re-arrangements of the In and N atoms as
discussed earlier in this section.

Laser treatment on the other hand increases the PL intensity but the blue-shift of the
PL peak is negligible. The laser treatment procedure affects the defects most likely due to
recombination-enhanced defect reactions [78, 80]. A high density of carriers is generated in
the material by the laser beam and the carriers focus their energy on the volumes with the
fastest recombination channels. Thus, the changes in atomic configurations are possible only
in the vicinity of the fast non-radiative recombination centres. Laser treatment has no impact
on the optical properties of a thermally annealed GalnNAs sample. This can be explained
as follows: when GalnNAs is annealed the whole lattice gains thermal energy, the local
configuration around a nitrogen atom changes [69], and the defect that can be affected by
laser treatment disappears. Laser irradiation could offer advantages in the cases like long-
wavelength structures, where the blue-shift of the PL peak should be avoided. The effects were
observed at laser irradiation intensities encountered sometimes in PL. measurement conditions.
Therefore, the effects of laser irradiation should be taken into account when measuring the
optical properties of GaInNAs samples.

5. Structural properties of GaAsN

5.1. Surface morphology and misfit dislocations

The surface morphology of arsenide—nitrides has been found to change from an atomically
flat surface into three-dimensional structures when the N composition is increased [81-83].
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Figure 5. 311 back-reflection synchrotron topographs (620 pum x 220 pum) of as-grown
GaAs.965N0.035 layers on GaAs with a thickness of (a) 40 nm, (b) 80 nm, (c) 220 nm and (d) 500 nm.
When the critical thickness is exceeded, misfit dislocations seen as white lines appear in the images.

Low growth temperature required for the N incorporation prevents the step-flow growth of the
material. The possible reasons for the three-dimensional structures at high N compositions
are an insufficient arsenic protection of the surface and the high strain between the substrate
and the epilayer. We studied the surface morphology of GaAsN on GaAs with AFM [84].
The roughness of the surface of an as-grown 130 nm-thick GaAsg 9¢5No.035 epilayer was more
than one monolayer. Due to annealing at 700 °C the surface was smoothed and the atomic
steps were clearly seen. The three-dimensional surface structures were not observed even
at N compositions over 4%. We have shown that the GaAs;_,N, with the N composition
x up to 0.056 can be grown without a significant surface degradation as long as the surface
protection with arsenic is sufficient [39].

In order to grow high quality strained GaAsN epilayers on GaAs, it is important to know
the critical thickness of misfit dislocation formation for the material system. Uesugi et al
[85, 86] studied the critical thickness of GaAs;_,N, on GaAs with different N compositions
using a HRXRD mapping technique. However, the technique is not sensitive to single misfit
dislocations but rather to average relaxation of the strain. This leads easily to the overestimation
of the critical thickness. We have studied the strain relaxation mechanism in the strained
GaAs;_,N, on GaAs structures by synchrotron x-ray topography [84]. In epilayers thicker
than the critical thickness, an isotropic and a uniform misfit crosshatched dislocation network
along two mutually perpendicular (110) directions was observed (figure 5). As the total strain
was further increased by increasing the N composition or the epilayer thickness, the dislocations
accumulated and the strain relaxation was found to continue through the cracks in the epilayer.
However, some areas of the epilayer still remained highly strained. The critical thickness for
GaAs;_,N, on GaAs was determined with the two N compositions of x = 0.009 and 0.035.
For the 500 nm-thick GaAs;_, N, epilayer with x = 0.009 a very low misfit dislocation density
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was found, which indicates that the epilayer thickness slightly exceeded the critical thickness.
For the GaAs( 965No.035 epilayer the critical thickness was found to be between 50 and 80 nm.
The values obtained for the critical thickness are about two times larger than the theoretical
prediction [86]. Also Uesugi et al [86] found that the critical thickness for GaAs;_,N, on
GaAs is larger than predicted by the theory. They were able to grow coherent epilayers having
a thickness of up to six times the theoretical critical thickness. However, the values obtained
by us show that the real critical thickness is smaller than the one obtained from the relaxation
state of the layer by HRXRD.

5.2. Point defects

Several kinds of point defect have been reported to exist in arsenide—nitrides. The degradation
of the photoluminescence intensity [39, 49] and the carrier transport properties [87, 88] with
increasing N composition indicate an increasing concentration of non-radiative recombination
centres and carrier traps. The formation of the defects is specific to the growth conditions and
thus the consistent identification of these defects has been difficult. However, the following
point defects are identified in arsenide—nitrides: Asg, antisites, N interstitials, Ga vacancies,
and impurities like oxygen, carbon and hydrogen. Asg, antisites were found from MBE-grown
material in the optically detected magnetic resonance studies and their density was found to
decrease during annealing [89, 90]. N interstitials were found in MBE-grown material by an
ion-channelling technique and their concentration also decreased during annealing [91, 92].
Zhang and Wei [93] showed with thermodynamic calculations that the N—N split interstitial
has relatively low formation energy and that it forms a midgap electron state. The impurities
are found mainly from MOVPE-grown materials. Oxygen was found to form a midgap
non-radiative recombination centre [94]. Carbon is known to act as a p-type dopant, and
the incorporation of carbon is enhanced in arsenide—nitrides [36, 44]. Hydrogen is found
in MOVPE-grown materials in large quantities and the high concentration of hydrogen was
also found to remain after annealing [44]. Thus, hydrogen is strongly bonded to the lattice.
However, the role of hydrogen on the material properties is not clear. Hydrogen was found to
passivate nitrogen in MBE-grown arsenide—nitrides hydrogenated after growth [95, 96]. The
effect disappeared after annealing, which means that hydrogen is in a different configuration
in MOVPE-grown arsenide—nitrides.

Ga vacancies were found in MBE-grown material [92], and also in our MOVPE-grown
GaAsN epilayers [97]. The vacancies in our samples grown at >500 °C probably belong to
defect complexes with some other defects such as Asg, or Ng, antisites, because isolated Ga
vacancies are not stable at temperatures above 300 °C [98]. Figure 6 shows the experimental
gallium vacancy concentration and the low-temperature PL intensity of our GaAsN samples
before and after annealing. The vacancy concentration increases with the N concentration up
to the order of 10'® cm~3 and anticorrelates with the PL intensity. Annealing at 700 °C for
10 min under H; carrier gas flow and TBAs excess ambient reduces the vacancy concentration
by a factor of five compared to that found in as-grown material. The anticorrelation of
the gallium vacancy concentration and the PL intensity suggests that the defect complexes
containing gallium vacancies may act as non-radiative recombination centres in GaAsN. Since
the decrease of the PL intensity with increasing N concentration is very drastic, other non-
radiative mechanisms are most likely present and contribute to the decrease of the PL intensity.

6. GaInNAs quantum dot structures

Besides using dilute nitrides as gain media, the emission wavelength can be pushed beyond
the limit of 1.2 um of GaAs-based structures by using coherently strained self-organized
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three-dimensional In(Ga)As islands as quantum dots (QDs). The emission wavelength can
be largely tuned by QD size and composition on a given substrate. QD lasers operating in
the 1.3 um spectral range have been realized [99-102] and very recently an InAs/InGaAs
high performance QD laser operating at 1.51 ©m was demonstrated [103]. The QD lasers are
expected to have several advantages such as decreased transparency current, increased material
gain, large characteristic temperature, decreased chirp and increased differential gain. Indeed,
low threshold current densities (<7 A cm~2/ QD sheet), low internal losses (~1-3 cm™') and
high quantum efficiencies (>80-96%) have been achieved simultaneously [102]. Therefore,
it would be interesting to combine the dilute-nitride and QD technologies. Recently, Sopanen
et al [104] proposed and demonstrated the use of self-assembled GaInNAs QDs to achieve
1.55 pm room-temperature emission on GaAs. In this section we present a review on the
current research of GalnNAs QDs with the focus on our MOVPE-grown structures.

6.1. Growth of self-organized GalnNAs QDs

The technique of QD fabrication employs self-organized growth of uniform nanometre-scale
three-dimensional islands in the Stranski—Krastanow growth mode [105]. Good size and shape
uniformity of islands can be realized in appropriate growth conditions. The islands can also
be stacked by growing a thin layer between the QD sheets, resulting in three-dimensionally
ordered arrays of QDs. The first GaInNAs QDs reported were grown by gas-source MBE [104].
In that study PL wavelengths of up to 1.52 um were detected at room temperature from a single
layer of Gag3Ing7No.04Asg.96 QDs. Since then MOVPE [106], solid-source MBE [107, 108]
and chemical beam epitaxy (CBE) [109—111] have been used to grow these quaternary QDs.
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(b)

Figure 7. AFM images taken from QD samples grown at 530 °C with (a) 4.5 ML Gag 4Ing ¢NAs
and (b) 4.5 ML Gag 4Ing ¢ As. The scan size is 0.5 x 0.5 um?2.

Figure 7(a) shows an AFM image from a 4.5 ML Gag 4Ing¢NAs QD sample. The areal
density and the average height of the islands are 5 x 10'°cm ™2 and 5 nm, respectively. An AFM
image from a reference Gag 4Ing ¢As sample grown without DMHy flow is shown in figure 7(b).
The island density in this N-free sample is smaller (2 x 10'® cm~2) and the islands are higher
on average (8 nm) compared to the sample grown with DMHy flow. This is in contrast to the
results that were observed for MBE growth [90]. However, a similar tendency was observed
for CBE-grown GalnNAs QDs with N composition of up to 1% [110]. The reason for the
larger dot density and smaller size of GalInNAs QDs could be related to the migration length
of adatoms. The nitrogen atom may change the surface potential due to its strong bond and
decrease the migration length on the surface [110]. PL studies of the overgrown QD samples
showed that the PL peak of the Ga 4Ing ¢As reference sample was actually at smaller energies
compared to the sample grown with DMHy flow. This indicates that a negligible amount of
nitrogen was incorporated into the islands. The energy difference can be explained by the
larger average height of the Gay4Ing¢As islands. As discussed before, the N incorporation
has a strong dependence on In composition in the MOVPE growth, which explains the lack of
nitrogen in the dots having a large indium content.

We tried to improve the N incorporation by using less indium in the dots. Figure 8
shows the dependence of the island density and the average island height on the DMHy/TBAs
ratio for Gag ssIng4sNAs QD samples with a coverage of 8 ML. The island densities in the
Gay ss5Inp4NAs QD samples are significantly larger compared to the Gag 55Ing 45As reference
sample for all the used DMHy/TBAs ratios. Thus, by using DMHy during the island growth
the island density can be increased by one order of magnitude. On the other hand, the island
size can be varied to some extent by changing the DMHy/TBAs ratio. Unfortunately, PL
studies of overgrown islands indicated that the N incorporation was still negligible, as can be
seen in figure 9. However, an enhancement of the 1.3 pum room-temperature luminescence by
a factor of about three was observed in the Gag s5Ing45sNAs QD samples grown with DMHy
flow. We propose that the DMHy flow can be used as an additional parameter in the MOVPE
growth to alter the size and areal density of the GalnAs QDs. Also the optical properties of
the QDs can be improved by using DMHy during the island growth.

Results obtained by other groups with different growth methods show red-shift of the
QD PL emission wavelength, indicating successful incorporation of nitrogen into the QDs.
However, the PL intensity of the QDs decreases and the PL peak broadens very fast with
increasing N composition, regardless of the growth method. Very recently, Makino et al [112]
investigated thermal annealing of GaInNAs QDs. In addition to the increase in the PL intensity,
they observed a larger blue-shift of the PL peak wavelength compared to a GaInNAs QW and
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Figure 9. Room-temperature PL spectra from 8 ML Gag s5Ing45NAs and Gag s5Ing45As QD
samples grown at 520 °C. The reference sample exhibits a dominating wetting layer transition
at 1.05 pm. The Gags5Ing45NAs sample shows a well pronounced ground state transition at
1.26 um and no wetting layer transition, indicating efficient capture of the carriers into the QDs.
The integrated PL intensity of the Gag 55Ing 45NAs sample is about three times larger than that of

the reference sample.

suggested that the In—-Ga interdiffusion was enhanced in the QD system. The first (and the only
one known to us) GalnNAs QD laser was also realized by Makino ef a/ [110]. The device had
an edge-emitting geometry and operated under pulsed condition at 1.02 um. The threshold
current density of this device (1.9 kA cm~?) was about ten times higher than in In(Ga)As QD
lasers. To conclude this section, we point out that GalInNAs QDs have not been under very
wide research interest so far, and a lot of research work is needed to improve the homogeneity
and optical quality of the material.
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6.2. In(Ga)As/GalnNAs QD structures

The self-organized growth of In(Ga)As QDs provides only limited control of the interrelated
size and density of the islands, making it difficult to reach the technologically important
1.3 pumregion. A variety of techniques have been proposed to fabricate QDs emitting at longer
wavelengths: (1) alternating deposition [113, 114],(2) strain reducing barrier layers [115, 116],
(3) activated alloy phase separation [117], and (4) very low growth rates (<0.01 ML s H to
increase the sizes of the QDs [118]. The most widely used and successful methods have been
to use InGaAs or InAlAs strain reducing layers or activated alloy phase separation. There
are several reports of these techniques showing the tunability of the light emission in the
1.3-1.55 um wavelength range [113-116, 119-122]. Recently, it was proposed that GaInNAs
could be used as a barrier material for InAs QDs [123]. More recently, room-temperature PL
at 1.55 um with intensity comparable to that of the GalInNAs/GaAs QWs emitting at 1.3 um
was demonstrated from MBE-grown InAs/GalnNAs QD structures [124]. It was shown that
in addition to the band gap decrease of the layer covering the QDs, the red-shift of the PL
emission could be due to the increase of the QD sizes. Application of tensile-strained GaAsN
capping layers to InAs QDs was also proposed [125], which led to improved homogeneity and
luminescence efficiency of the InAs QDs and extended emission wavelength of up to 1.55 um.

Since we found the nitrogen incorporation with MOVPE into GalnNAs QDs to be very
difficult, we decided to use GalnNAs as a barrier material for Ing5GagsAs QDs. InGaAs
was chosen as the QD material instead of InAs since MOVPE-grown InAs easily forms large
dislocated clusters. By using a nitrogen-free 5 nm-thick Ing,Gag gAs layer grown on top of the
QDs, we were able to shift the room-temperature PL. wavelength from 1.27to 1.42 um[126]. At
the same time the PL intensity was increased by a factor of three compared to the conventional
GaAs cover. The strain in the QDs was partly reduced due to the relaxation of the lattice
constraint in the growth direction. This, together with the decrease of the in-plane potential
barrier height, led to the increase in the PL. wavelength. Figure 10 shows the development
of the low-temperature QD PL wavelength and intensity as a function of the DMHy/TBAs
ratio when a 10 nm-thick Gag gsIng ;sN,As;—, (0 < x < 0.035) layer was used on top of the
QDs. As nitrogen was introduced into the barrier, the PL peak red-shifted first further, but then
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Figure 11. Low-temperature PL spectra of the strain-induced GaggIngoN,Asj_y QD samples
with 0 < x < 0.01. Quantum well (QW) and quantum dot ground-state (QDO0) peaks have been
marked.

remained at the same wavelength up to a DMHy/TBAs ratio of 19. The PL intensity increased
slightly and stayed higher than that obtained with the GaAs cover until the DMHy/TBAs
ratio was increased above 20. Further increase in the DMHy/TBAs ratio resulted in type-II
band alignment, seen as a drastic decrease of the PL intensity and a sudden redshift of the
PL peak. Temperature dependent PL. measurements indicated an increasingly rapid decay of
the PL intensity with increasing N composition and no room-temperature luminescence was
detected from samples grown with DMHy/TBAs ratios larger than 21. We conclude that by
using a nitrogen-containing layer on top of the Ing 5Gag sAs QDs, a slight increase in the PL
wavelength and intensity was observed in the 1.3 um wavelength range. However, it seems
more beneficial to use InAs/GalnNAs QD structures since the small band gap of InAs (0.4 eV)
allows for larger tunability of the QD emission wavelength. The latest results suggest that the
InAs/GalnNAs QD system has potential characteristics for the fabrication of 1.3 and 1.55 um
light emitting devices on GaAs substrates [124].

6.3. Strain-induced GalnNAs/GaAs QDs

The use of self-organized islands as stressors was first demonstrated by Sopanen et al [127].
More recently, we have fabricated strain-induced GalnNAs QDs by using self-organized InP
stressor islands grown on top of a Gag glng,N,As;_, (0 < x < 0.013) QW [128]. The InP
islands act as stressors inducing a lateral parabolic QD potential in the QW due to tensile strain.
This lateral potential together with the vertical QW confinement add up to a three-dimensional
confinement potential. Therefore, a QD is formed into the QW under the InP island. The base
diameter, the height and the island density of the InP islands were measured by AFM to be
about 100 nm, 20 nm and 1-2 x 10° cm~2, respectively.

Low-temperature PL studies of the samples with increasing N concentration showed that
the PL peaks of the samples containing nitrogen were broader and fewer excited states, typically
only one, were seen compared to the nitrogen-free sample (figure 11). A redshift of about
200 meV for the QW and QD peaks was observed as the N composition was increased from 0
to 1%. Figure 12 shows the full width at half maximum (FWHM) of the QW and QD ground
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Figure 12. FWHM of the low-temperature (10 K) QW and QDO PL peaks as a function of the N
concentration of the QW. The energy difference of the PL peaks is also shown.

state (QDO) PL peaks as a function of the N concentration. The energy separation between the
QW and QDO peaks is also shown. The FWHM of the QW peak increased from 9 to 25 meV
when the N concentration was increased from 0 to 1%. Since the recombination linewidth
of a single QD is very narrow, the broadening is probably due to composition or thickness
variations in the QWs containing nitrogen. However, the FWHM of the QDO peak was not as
strongly affected by nitrogen. The lateral variation in the composition or thickness may take
place in the scale of less than the diameter of the QDs (about 50 nm), because the QD peaks
would otherwise broaden similarly to the QW peak. The energy difference of the PL peaks
decreased from 69 meV for the nitrogen-free sample to about 40 meV for N composition of
about 1%. Carrier localization into states located few tens of millielectronvolt below the band
edge of the QW [129, 130] could explain such a decrease in the energy difference. The carrier
localization can be explained by the potential minima originated from the composition and
thickness fluctuations in the QW. Further proof for the carrier localization was obtained from
time-resolved PL measurements [128].

7. Conclusion

GalnNAs/GaAs QW and QD structures and GaAsN epilayers were grown by MOVPE. The
MOVPE growth parameters were discussed and compared to the results with MBE. Post-
growth thermal annealing and laser irradiation were found to have different effects on the PL
properties of GaInNAs QWs; with laser treatment no blue-shift of the PL peak was observed.
GaAsN epilayers were shown to contain Ga vacancies in defect complexes. The vacancy
concentration was found to anticorrelate with the PL intensity, thus suggesting that the defect
complexes may act as non-radiative recombination centres in GaAsN. The critical thickness for
misfit dislocation formation of GaAsN on GaAs was studied by synchrotron x-ray topography
and found to be about twice as large as the theoretical prediction. The formation and optical
properties of self-organized and strain-induced GaInNAs QDs were investigated. Although the
N incorporation into GalnNAs QDs was found to be very difficult by MOVPE, the size of the
GalnNAs islands could be controlled and their optical properties improved by using DMHy
flow during the island growth. GalnNAs was also used as a barrier layer for IngsGag sAs
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QDs and an increase in the PL wavelength and intensity in the 1.3 wm wavelength range was
observed.
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