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Impact of Nitrogen Ion Density on the Optical
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GalnNAs/GaAs (100) and (111)B Quantum
Wells
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and A. Trampert

The impact of nitrogen ion density, present in the chamber during molecular
beam epitaxial growth of the GalnNAs quantum wells, on their structural
and optical properties is presented. The growth on two different substrate
orientations, GaAs (100) and (111)B has been studied. The quantum well
optical emission was found to be strongly increased when the nitrogen ion
density was reduced during the growth, as determined by photoluminescence
experiments. Cathodoluminescence mappings of quantum wells grown under
different ion densities are compared, showing a stronger compositional modu-
lation depth, and thus a higher structural disorder, when a higher ion density
is present during the growth. This technique was also used to study the opti-
cal activity of defects found in GaAs (111)B samples. We applied deflecting
magnetic fields to tune the amount of nitrogen ion density in the chamber dur-
ing growth. Atomic force microscopy (AFM) measurements in similar epilayers
showed that ions cause an important structural disorder of the layers, showing
approximately twice the root mean square (RMS) roughness when the density
of ions is not reduced by external magnetic fields. Additionally, transmission
electron microscopy (TEM) measurements of buried GalnNAs quantum wells
is presented, showing that lateral compositional fluctuations of In and N are
suppressed when the quantum wells are protected from the ions. Finally, we
have found that quantum wells exposed to higher ion densities during the
growth show deeper localization levels and higher delocalization temperatures.
These results clearly show that the structural properties such as the rough-
ness and the compositional modulation, as well as the optical properties, such
as the optical emission and localization energies are strongly dependent on
the density of nitrogen ions present in the chamber during the growth of
GaInNAs quantum wells. Rapid thermal annealing (RTA) experiments are
also consistent with this hypothesis.
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2.1 Introduction

2.1.1 Overview

In this chapter, we describe in detail our research concerning the impact of
the nitrogen plasma parameters on the optical and structural properties of
dilute nitrides. We performed an extensive characterization of this plasma.
Optimum parameters for the growth of high quality GalInNAs quantum wells,
and a method to decrease the damage produced by such plasma ionic species
are presented.

2.1.2 Material Properties, Nitrogen Plasmas, and (111)B

It is known from the literature that the addition of small concentrations of
nitrogen to GalnAs layers (typically N mole fractions lower than 5%), cause
a strong reduction of the optical quality of quantum wells, due to the forma-
tion of nonradiative defects, mainly due to the creation of Ga vacancies [1],
interstitial incorporation of nitrogen [2] and damage caused by the ionized
nitrogen species from the plasma [3-7]. The formation of the first two types
of defects is directly related to the growth dynamics and can be controlled by
using the proper growth conditions. In this work, we study the latter type of
defects, i.e., those formed by ions generated in the nitrogen plasma, and their
impact on the GaInNAs quantum wells (QWs) grown on GaAs (111)B and
(100) has been assessed.

In order to incorporate nitrogen in the dilute nitride QW an atomic nitro-
gen source is needed. The most extended method to achieve this goal in
molecular beam epitaxy (MBE) systems is to create a plasma from ultra-pure
nitrogen. In these plasmas, different species coexist simultaneously: electrons
(e™), atomic nitrogen (N), diatomic nitrogen (N3) and their excited species
(No ™, etc) [6-8]. The ratio of the ionized species to the atomic species is called
ionization factor. The lower this ionization factor, the higher the quality of
the plasma for epitaxial growth applications, as we will show in the following
sections.

Since electron cyclotron resonance (ECR) plasma sources show high ioniza-
tion factors [8,9], the most extended nitrogen sources for the growth of nitrides
and diluted nitrides are radio frequency (rf) plasmas and direct current (dc)
plasmas. In this work, we used an Oxford applied rf source.

To precisely control the amount of atomic nitrogen in the plasma, we used
an optical emission detector (OED) that detects the characteristic emission of
atomic nitrogen. This device gives an in situ and real-time value proportional
to the amount of atomic nitrogen in the plasma. It consists of an optical
detector, capped with a narrow band pass optical filter tuned to the emission
energy of the photons emitted from excited nitrogen atoms in the plasma.

In the following sections, different ways for in situ characterization of plas-
mas allowing to determine optimum working conditions for epitaxial growth
are described.
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In the literature, almost each work devoted to the study of the Galn-
NAs material refers to the (100) orientation [10-12]. In the present chapter
we additionally propose the study of dilute nitride materials grown on the
GaAs (111)B substrates. Our motivation is due to the interesting properties
of heterostructures grown along this orientation. First of all, the presence of a
piezoelectric field in strained heterostructures grown on (111) surfaces of zinc-
blende structures [13]. These properties have been extensively studied in the
literature for the well-known GalnAs/GaAs (111)B system and an excellent
descriptions can be found in [14-17]. With this material system, laser emis-
sion up to 1.1 um has been reached, with low thresholds [18-21]. Additionally,
this piezoelectric field has been used for the design of nonlinear devices and
optical modulators based on GalnAs/GaAs [22-26]. Recently, the first Galn-
NAs laser diode grown on GaAs (111)B and working at room temperature
was demonstrated by our group [27].

Another interesting property refers to the critical layer thickness on this
orientation. Several publications claim that the theoretical critical layer thick-
ness is greater than for GaAs (100) [28,29]. However, some experimental
results seem to indicate that the critical layer thickness is approximately the
same [30, 31].

Apart from above features, an additional interesting property of the GaAs
(111)B surface is the difficulty to find a transition from the 2D to the 3D
Stranski-Krastanov growth mode. There is some controversy in the liter-
ature about this point, since some authors could not find any 3D growth
mode [31-33], but on the other hand, some authors reported the growth of
quantum dots on GaAs (111)B [34-39]. This problem could be interesting
for the growth of dilute nitrides to avoid the transition to 3D growth mode
reported in the literature for GaInNAs on GaAs (100), under certain growth
conditions. Additionally, if the critical layer thickness is higher, higher In
mole fraction could be incorporated in the QWs without relaxation, so longer
wavelengths with high-optical quality material could be achieved.

2.2 Experimental Setup

Samples characterized in this chapter were grown by MBE in a Riber 32
machine equipped with a rf plasma source. The structure of the GaAs (111)B
samples is a p—i—n diode, unless otherwise stated in the text. It consists of a
500 nm intrinsic region between 300-nm thick p*™ and n™ regions doped with
beryllium and silicon, respectively. In the middle of the intrinsic region, a
7-nm thick GalnNAs quantum well was grown.

Photoluminescence (PL) characterization was performed using a He—Ne
laser, with samples cooled in a cryogenic system down to 16 K. Light was
collected and focused by two lenses, dispersed by a computer-controlled
monochromator, and finally detected by a cooled Ge detector.
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RTA were performed in a conventional RTA oven under a 1.3 bar nitrogen
pressure with samples sandwiched between two dummy GaAs pieces.

2.3 Plasma Characterization

2.3.1 Basic Characterization

To achieve an accurate control of the plasma properties we can tune two
different external parameters: the molecular nitrogen flux and the applied rf
power. In this section, we will show techniques, which are suitable to charac-
terize nitrogen plasmas in an effective manner. So, plasma conditions can be
achieved allowing for the fabrication of GaInNAs QWs with optimum optical
emission properties.

The basic plasma characterization is to determine the amount of atomic
nitrogen found in the plasma cavity for each applied power and nitrogen flux.
For that purpose, we measured the OED intensity as a function of the applied
power, for several nitrogen fluxes. Additionally, this basic measurement is
valid to perform a calibration of the system, in order to know the amount of
nitrogen for each pair of rf power and nitrogen flux. The OED characterization
of the plasma used in this work is shown in Fig. 2.1 for three different nitrogen
fluxes: 0.3, 0.5, and 1.0 standard cubic centimeter per minute (sccm).

For low rf powers (lower than 70 W), no stable plasma could be ignited in
our system, which is the reason for the absence of data points for that range
of powers in the curves shown in Fig.2.1. By increasing the applied power,
the OED output increases. For powers between 70 and 200 W the difference
for the three nitrogen fluxes is almost negligible. This difference increases as
the applied rf power is increased, specifically for rf powers higher than 200 W,
approximately. Thus, at the highest applied powers, there is an increment of
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Fig. 2.1. OED characterization as a function of the applied rf power for three
different nitrogen fluxes
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Fig. 2.2. Low-temperature (16 K) PL spectra of two GaInNAs QWs, grown under
the same conditions, except for plasma parameters: 280 W and 1scem (black line)
as well as 340 W and 0.45sccm (grey line). OED intensity was the same for both
samples

active nitrogen (OED) of up to 20% when the nitrogen flux is increased from
0.3 to 1.0sccm.

To effectively verify that the OED signal is strongly correlated to the
nitrogen content incorporated in the dilute nitride samples, the following
experiment was performed: Two p—i-—n structure samples were grown on GaAs
(111)B (exhibiting the previously described structure), using exactly the same
growth conditions for both samples (substrate temperature, growth rate, As
flux, and OED intensity). The only difference between both samples was the
plasma conditions to achieve the same OED intensity. We used two different
powers, 280 and 340 W applied to two different nitrogen fluxes of 1.00 and
0.45sccm, respectively, to achieve exactly the same OED value. In Fig. 2.2,
low-temperature PL spectra of both samples are shown.

Both spectra are vertically shifted for clarity. The PL peak emission from
both samples is exactly at the same wavelength (within measurement errors).
As the In contents from both samples are nominally the same, we can finally
conclude that the OED output is a reliable parameter for the accurate control
of the nitrogen mole fraction in GaInNAs QWs grown by MBE. Additionally,
in this figure, it is shown that the emission from the sample grown with the
lower rf power (280 W) is stronger than the emission from the sample grown
with the higher rf power (340 W). Thus, we may conclude that it is the rf
power and not the flux that determines the optical quality of GaInNAs QWs.
A lower structural quality of samples grown with higher nitrogen fluxes is
expected, since high nitrogen fluxes strongly decreases the mean free paths
of atoms and molecules in the chamber and over the surface. For this reason,
further experimental parameters, apart from rf power and nitrogen flux, must
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be taken into account to control the optical quality of GaInNAs QWs, as it
will be shown in following sections.

2.3.2 The Modified Langmuir Probe Method

In order to characterize rf plasmas, electrical methods were commonly used
in the past. The most spread one is based on Langmuir and consists of a
narrow metallic wire (probe) introduced in an ignited plasma. By biasing
this wire, current—voltage measurements were obtained, from which impor-
tant plasma parameters can be extracted to characterize the plasma [8]. For
dilute nitrides growth, the plasma characterization found in the literature was
almost exclusively optical [6,7,40]. By a careful inspection of the optical emis-
sion coming from the plasma, radiative transitions of various species (atomic,
excited, molecular, etc.) could be detected and measured in the plasma. This
method is very accurate, but requires the presence of complex optical equip-
ment near the plasma source, which is sometimes not possible due to the
position of the cells in the growth chambers. Additionally, the characteriza-
tion of the plasma performed in this way gives information about the plasma
inside the nitrogen source, in which completely different conditions may hold
when compared to the plasma impinging onto the sample.

In this section we present an easy and novel electric method for in situ
plasma characterization at the sample position, where the conditions must
be accurately known to control the epitaxial growth process, since it is
in this region where growth dynamics and thermodynamics determine the
characteristics of the grown material [41].

This novel method is based on the use of a Bayard—Alpert vacuum gauge
as a modified Langmuir probe. Bayard—Alpert gauges are found in almost
every ultra-high vacuum system (UHV system) and in MBE systems, due to
the need of accurate pressure measurements in the 1 x 107° to 1 x 107! Torr
range. The operation of these gauges is as follows: a tungsten filament is
heated producing electrons due to the thermionic effect. A biased grid accel-
erates these electrons. When these electrons travel through an effective cross
section of the atomic or molecular species in the vacuum, ionization occurs by
the lost of an electron from the outer shells of these gaseous species. Finally,
ionized species impinge onto a narrow metallic wire (collector), being collected
and generating an electric current directly proportional to the amount of par-
ticles in the chamber that is proportional to the pressure at every moment.
In standard MBE chambers, this gauge can be moved to exactly the same
position of the growing surface. This allows the precise characterization of the
incident flux that combined with precise reflection high electron energy diffrac-
tion (RHEED) observations permit an accurate calibration of the growth rate
for several material systems [41].

On the other hand, the Langmuir probe consists of a short metallic wire
introduced in the plasma cavity. Charged species impinge onto the probe
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Fig. 2.3. Schematic view of the biasing of a Bayard—Alpert gauge to be used as a
modified Langmuir probe

generating a current in an external circuit proportional to their density. Typ-
ically, these probes are biased to obtain /-V characterization of the plasma,
as stated above [8]. The proposed method takes the advantages from both
the gauge and the probe: the plasma has to be characterized at the sample
position, to obtain an accurate measurement of the ions impinging onto it
during growth. For this purpose, we propose a vacuum-gauge triode-like con-
figuration for the Bayard—Alpert gauge to work as a modified Langmuir probe
(Fig.2.3), with the plasma acting as a cathode. A precision electrometer is
connected in series with the probe collector. This will work as the anode.
Thus, the different charged species impinging onto it will generate a positive
or negative current, depending on the charge of the incident particles. The
grid of the probe will act as the deflection grid found in electronic vacuum
valves. A voltage source is connected in series with the grid to bias it. Thus,
if the bias voltage is negative, negatively charged species from the plasma
will be deflected, and therefore a positive current will be measured. In the
literature, this is called ion saturation region. On the other hand, when a pos-
itive bias is applied to the grid, positively charged species (ionized atoms and
molecules) will be deflected, which will yield a negative current, the electron
saturation region. Thus, by using this technique we could directly measure
the I-V characteristics of the generated plasma in our system, as shown in
Fig.2.4.

Using this setup, the typical characteristics expected from a conventional
Langmuir probe are obtained [8]. In our system, by applying bias voltages
lower than —60V, a positive current is obtained in the ion saturation region.
As reducing the bias voltage, the measured current turns negative due to
the reduction of the electron shielding: the amount of electrons deflected is
reduced. For bias voltages higher than 50V, the I-V characteristics show
another plateau, the electron saturation region, where ions are deflected and
electrons attracted toward the collector. With the proposed model, we have
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Fig. 2.4. Typical I-V characteristics of our nitrogen plasma, obtained with the
modified Langmuir probe. In the figure, ion and electron saturation regions are
shown
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Fig. 2.5. Detail from the ion saturation region of the I-V characteristics from
two plasmas generated using the same nitrogen flux (0.3 sccm) and two different rf
powers, 135 W (circles) and 270 W (squares)

detected a positive current generated in the probe that could be only due to
positively charged species impinging onto the collector. Thus, we have mea-
sured a nonnegligible amount of ionic nitrogen species coming from the plasma
during the growth of dilute nitrides.

To assess this point, we performed the /-V plasma characterization for the
same nitrogen flux, but using two different applied rf powers, 135 and 270 W
(giving rise to different OED intensities, 195 and 356 a.u.). A detail of the ion
saturation region from the measured I-V characteristics is shown in Fig. 2.5.
According to this data, the application of higher rf powers to the same nitrogen
flux yields a more positive current. Thus, we can conclude that the positively
charged species measured using this novel modified Langmuir probe method
originate from the ignited plasma and are not due to the self-ionization of
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the gas due to the grid biasing (these biases are still much lower than the
usual bias voltage applied to typical Bayard—Alpert gauges, around 150 V).
The objective of the modified Langmuir probe method is the detection and
the quantification of ions arriving at the position of the sample. To use this
method for an exact quantization of the ion density (charged particles per
unit surface in a time unit), impinging onto the surface, a detailed theoretic
treatment, a more accurate knowledge of the geometry of the system, and
an exact measurement of the area of the collector are needed. On the other
hand, this method can be readily used for the optimization of the plasma
parameters, to minimize the generated amount of ions, for a given amount
of active nitrogen. This is the main objective, since, as previously stated,
ionic nitrogen species strongly damage the optical properties of the grown
materials [3-5,42]. To choose the optimum conditions, a set of measurements
have been performed, as described below. The first experiment consists of the
measurement of the collector current (directly correlated with the amount of
ions found in the chamber) for different applied rf powers for three different
nitrogen fluxes. The results of these measurements are depicted in Fig. 2.6.

For a given rf power typically used in the growth experiments (below
350 W, in our system), we observe that the lower the nitrogen flux, the lower
the measured collector current. If we now measure the amount of nitrogen
atoms by reading the OED intensity for several fluxes (Fig.2.7), it is also
observed that the lower the nitrogen flux the lower the OED intensity, for
a given applied rf power. This variation is almost negligible (around 3% for
a given OED intensity). We can thus conclude that for a given amount of
nitrogen to be incorporated in the samples (a given OED, for given growth
conditions) the amount of ions is minimized by using a lower nitrogen flux.
This nitrogen flux cannot be reduced indefinitely, since there is a minimum
flux, for which ignited plasma turns unstable and eventually disappears. Other
groups [43] have drawn the same conclusions using other techniques.
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Fig. 2.6. Collector current measured by the modified Langmuir probe as a func-

tion of the applied rf power, for three different nitrogen fluxes, 0.3 (squares), 0.5
(triangles), and 1.0 sccm (circles)



44 J. Miguel-Sanchez et al.

700 T T r r .
__ 600} rfN,plasma A‘A‘ i
=] A -0
© _m-0°
~ 500 AN B
> afe
= AZA’DJ
» 400 | ,A’A"/D 4
c /A/g?u
2 a0} A ]
= A
o 200} A —=— 0.3 sccm No magnet
[TT] —0— 0.3 sccm Magnet
(@] —A— 0.5 sccm No magnet

100 - —&A— 0.5 sccm Magnet

0

100 200 300 400 500 600
rf Power (W)
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2.3.3 Application of Magnetic Fields to Nitrogen Plasmas

Previously, basic measurements allowed us to easily find the optimum condi-
tions to minimize the amount of ions in the MBE chamber during the growth of
dilute nitrides. As we are dealing with ions, we must note that these charged
species can interact with electromagnetic fields. Other authors proposed in
the past the application of electromagnetic fields to deflect ions generated in
DC [3] and ECR [44] plasmas. In our case, we will use static magnetic fields to
deflect the ionic species. With the measurement setup proposed in Sect. 2.2,
we will check the effect on the QWs of the ion deflection by the magnetic field.

The first step is to check the effect of the magnetic field in the normal
operation of the plasma source. In practice, to apply this static magnetic field,
a 0.2 T magnet was used, placed under an extension tube between the plasma
source and the growth chamber. In this position, the magnetic field lines are
perpendicular to the flux of nitrogen species from the source to the sample.
The position was chosen by minimizing the current measured by the modified
Langmuir probe. The OED intensity, for two different nitrogen fluxes, and
the effect of the application of a magnetic field are shown in Fig.2.7. For
comparison purposes, measurements carried out with no magnetic field are
also shown in Fig.2.7. We can observe that the OED intensity obtained by
applying the magnetic field is slightly higher than the OED intensity when no
field is present. This effect could be due to an enhancement of the confinement
of the plasma due to the magnetic field. On the other hand, this difference is
almost negligible for the applications used in this work, lower than 2% and
comparable to the 1% resolution of our OED measurement system. Thus, we
can conclude that the operation of the nitrogen source is not significantly
altered by the presence of the magnetic field.

We can now use the modified Langmuir probe to check the effect of the
magnetic field on the ions (Fig.2.8). It is clear from this figure that the
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Fig. 2.8. Measured current by the modified Langmuir probe as a function of the
applied power (W), for a given nitrogen flux (1sccm). Hollow and filled symbols
represent the date with and without the application of the magnetic field

application of a magnetic field reduces the collected current, and thus, it
reduces the amount of ions reaching the sample. In the following sections we
will show how the ion density present during the growth, impinging onto the
sample, strongly affects the optical and structural properties of the GaInNAs
quantum wells grown on GaAs (111)B and (100), and how the reduction of
this density by the application of magnetic fields strongly reduces the damage
introduced in the quantum wells during growth.

2.4 Minimizing the Impact of the Ions

In this section we will briefly describe how the ratio of the incorporated nitro-
gen atoms and the density of ions in the chamber can be tuned. Using these
techniques, different samples with different [N]/[Njon] ratio can be grown [42],
to check whether the reduction of the ions effectively enhances or not the
optical sample quality.

The nitrogen concentration [N] incorporated to the samples was deduced
from QW photoluminescence measurements. Additionally, [Nje,] is propor-
tional to the collected current using the modified Langmuir probe, as stated
in previous sections. Thus, as we are dealing with a plasma, two approaches
can be used to modify the [N]/[Njon] ratio: using the nitrogen cell shutter
and by the application of a magnetic field. By the combination of the two
techniques, we grew three equivalent samples, on GaAs (100), using the same
growth conditions, with the only difference in the [N]/[Njoy] ratio, as described
below and in Fig. 2.9.

The three samples were 7-nm thick single GalnNAs single QWs, with a
100nm GaAs cap and barrier layer. A first sample was grown (sample A,
Fig.2.9a), under the application of a magnetic field in the way explained in
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Fig. 2.9. Schematic diagram of the growth procedures for samples A, B, and C,
described in the text, with low, medium, and high ion concentrations during the
growth, respectively

Sect. 2.3.3. The following sample was grown exactly under the same conditions,
using no magnetic field deflection (sample B, Fig. 2.9b). The third sample was
grown with the nitrogen cell shutter closed (sample C, Fig.2.9¢). In order to
achieve a similar N incorporation in the sample a higher rf power was applied,
since the shutter does not interrupt but strongly reduces the flow of atomic
and ionic species toward the sample.

Due to this high power, the current measured by the modified Langmuir
probe, when the cell shutter was closed, was still very high. For this rea-
son, sample C has the lowest [N]/[Nion] ratio of the three samples. Sample
A has the highest ratio, since exactly the same N contents are found for this
and for sample B, but the ion density was strongly reduced by the magnetic
deflection. For the three samples, low-temperature photoluminescence mea-
surements were carried out to compare their optical properties. The results
are shown in Fig. 2.10.

In Fig.2.10a, the low-temperature (16 K) PL peak intensity is shown as
a function of the [N]/[Njon] ratio. As seen in this figure, the higher this
ratio, the higher the PL intensity, which implies a lower concentration of
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Fig. 2.10. PL peak intensity (a) and FWHM (b) of the A, B, and C samples
described in the text, for several ion contents

nonradiative recombination centers. Full width at half maximum (FWHM)
from the same measurements is shown in Fig.2.10b. There we can clearly
observe that this FWHM is wider (lower optical quality) when the [N]/[Nion]
decreases. From these experiments we can conclude that the utilization of
higher powers combined with a closed cell shutter is not a reliable proce-
dure for the development of good quality dilute nitride-based optoelectronic
devices. For this reason, this method was not employed in this work. We will
focus on the growth of quantum wells with and without the application of
magnetic fields, thus varying the [N]/[Njon] ratio, and studying the effect of
these ions on the optical and structural properties of dilute nitride quantum
wells in the following sections.

2.5 The Role of Ions on GalInNAs/GaAs (111)B QWs

To study the impact of these ionic species on the optical properties of
GalnNAs/GaAs (111)B QWs two equivalent samples were grown, with the
only difference that the first of the samples (IM1) was grown under the
application of a magnetic field, and the second sample (NIM1) was grown con-
ventionally. The structure of both samples is the p—i—n diode described in pre-
vious sections. There is an evident difference between the photoluminescence
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Fig. 2.11. (a) PL spectrum (16 K) of the NIM1 sample, grown with no magnet. (b)
Low-temperature (16 K) PL spectrum of the IM1 sample, grown with the magnetic
deflection

spectra from both samples. In Fig.2.11 the low-temperature (16 K) photo-
luminescence spectra of both samples are shown. We can observe how the
IM1 sample shows a well-defined peak at 1,300nm, with the usual energy
tail related to the formation of low energy states below the band gap. On the
other hand, the sample grown without the magnet, and thus with a higher ion
density present in the chamber during growth, shows no clear peak emission,
but a very broad emission. The impact of the ions on the optical properties
of GaInNAs is thus shown: higher ion densities degrade the optical properties
of the QWs like in the case of GaAs (100) (see Sect.2.4).

As widely reported, a RTA cycle maximizes the optical emission of QWs
[3,11,12,15]. We describe now some results regarding the behavior of both
samples IM1 and NIM1 after different RTA cycles. In Fig. 2.12, we show how
after RTA annealing (30s at 850°C) both samples show a well-defined peak.

The cycle used in this experiment was chosen based on results of our
previous experiments. For each sample (growth conditions) this optimum cycle
has to be studied, since it strongly depends on the structural quality of the as-
grown material [45]: The lower the structural quality of the GaInNAs quantum
wells (compositional modulation, undulation of the interfaces), the higher the
optimum RTA temperature, for a given dwell time. For these reasons, we
performed a detailed RTA characterization of samples IM1 and NIMI1, to
extract indirectly structural information from the QWs. The results of such
experiments are shown in Fig.2.13.
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Fig. 2.12. Low temperature, 16 K, PL spectrum of the sample NIM1 (grey line)
and IM1 (black line), after a RTA process (30s at 850°C)
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Fig. 2.13. Relative increment of the PL intensity after RTA annealing, for a dwell
time of 30s. No magnet: squares, magnet: circles

There we have plotted the relative increase of the measured intensity after
annealing when compared to its as-grown value. 30s was the annealing time
for all the experiments. We can clearly observe that the optimum annealing
temperature is much lower for the IM1 sample than for NIM1 sample, what
is consistent with a higher structural quality of the GalnNAs quantum well
sample grown under the lower density of ions.

Another effect produced by the RTA annealing is the shift of the quan-
tum well emission toward higher energies (blueshift). If we compare this shift
from both samples, as a function of the annealing temperature (Fig. 2.14), we
observe a strong difference in blueshifts from both samples assuming that IM1
and NIMI1 samples contain the same nominal N mole fraction: In that case, for
the sample IM1 the blueshift would be much lower than for sample NIM1. We
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Fig. 2.14. Peak wavelength of the low-temperature PL spectra after RTA annealing,
for a dwell time of 30s. No magnet: squares, magnet: circles

will see in the following section that this reduced blueshift using ion deflec-
tion is confirmed in the case of GaInNAs/GaAs (100) QWs. In this figure,
the absence of data for the as-grown sample and for the lower temperature
annealing is due to the fact that no clear peak emission could be measured
from this sample. This is an important result, since we have determined a
method to reduce blueshifts in dilute nitride samples for given nitrogen con-
tents. Thus, to achieve a given wavelength in the design of the optoelectronic
device, a slightly lower nitrogen contents have to be incorporated into the
quantum wells when using the magnetic deflection. This effect will give rise
to an enhanced emission from the QW, since it is known in the literature that
an increase in nitrogen content in the GaInNAs QWs yields to a reduction in
their optical quality. As shown in Sect. 2.6, similar results are found for the
GalnNAs/GaAs (100) system. Therefore, we can tentatively conclude that the
reduction of nitrogen ions during the growth enhances the formation of In—
N bonds, more favorable energetically [46], what would explain the reduced
blueshift and the stronger emission from these samples [47,48].

2.6 The Role of Ions on GalInNAs/GaAs (100) QWs

The observations and measurements found in Sect.2.5 for the GalnNAs on
GaAs (111)B quantum wells are not exclusive for this material system. In this
section we will describe the impact of the ions on the optical and structural
quality of GalnNAs quantum wells grown on GaAs (100).
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2.6.1 Optical Characterization

For this purpose, we studied the optical properties of two equivalent samples,
consisting of 7-nm thick GaInNAs QWs (nominal In and N mole fractions
of 30% and 1.7%, respectively). A 100-nm thick GaAs barrier and cap layer
was grown over both QWs. As described in the previous section, the only
difference between both samples is again the application of magnetic fields
during the growth of one of the samples (IM2), whereas the second sample
(NIM2) was grown conventionally, with no ion deflection. Thus, to achieve a
given wavelength in the design of the optoelectronic device, a slightly lower
nitrogen contents have to be incorporated into the quantum wells when using
the magnetic deflection. This effect will give rise to an enhanced emission from
the QW, since it is known in the literature that an increase in nitrogen content
in the GaInNAs QWs yields to a reduction in their optical quality. As shown
in the following section, similar results are found for the GaInNAs/GaAs (100)
system. Therefore, we can tentatively conclude that the reduction of nitrogen
ions during the growth enhances the formation of In-N bonds, more favorable
energetically [46], what would explain the reduced blueshift and the stronger
emission from these samples [47,48].

Photoluminescence Measurements

Low-temperature PL measurements are shown in Fig.2.15. As seen in this
figure, and as it was found for GaInNAs on GaAs (111)B, sample IM2, grown
with the lower ion density, shows a stronger luminescence (four times higher)
and a 10meV narrower FWHM. This comparison was performed at room
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Fig. 2.15. Room Temperature PL measurements of the IM2 (black line) and NIM2
(grey line)
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temperature, where localization effects are almost negligible for these two
samples. The impact of the ion nitrogen density on the optimum anneal-
ing temperature was also measured for these samples, similarly to what we
did for the (111)B orientation. In Fig.2.16a, we show the ratio of the peak
intensity after annealing to the as-grown intensity. We clearly observe that
the optimum temperature for the sample grown without the magnet is much
higher than for the sample IM2. Thus, to achieve a given wavelength in the
design of the optoelectronic device, a slightly lower nitrogen contents have to
be incorporated into the quantum wells when using the magnetic deflection.
This effect will give rise to an enhanced emission from the QW, since it is
known in the literature that an increase in nitrogen content in the GalnNAs
QWs yields to a reduction in their optical quality. As shown in the follow-
ing section, similar results are found for the GalInNAs/GaAs (100) system.
Therefore, we can tentatively conclude that the reduction of nitrogen ions
during the growth enhances the formation of In-N bonds, more favourable
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energetically [46], what would explain the reduced blueshift and the stronger
emission from these samples [47,48].

If we measure the blueshift of the PL emission, we observe how for anneal-
ing temperatures greater than 750°C this blueshift is lower for the samples
grown under a lower ion density. This is again a positive result for the devel-
opment of optoelectronic devices based on dilute nitrides: the application of
magnetic fields implies that a lower blueshift will appear after annealing. Thus,
in the design of the GaInNAs QW-based optoelectronic devices lower nitro-
gen mole fraction should be incorporated in the growth process to achieve
a given final (after annealing) emission wavelength of the device. The intro-
duced procedure yields to a double enhancement of the emission of the QWs:
ion deflection reduces nonradiative centers and the lower nitrogen content to
be incorporated additionally improves optical quality.

Cathodoluminescence Measurements

Although cathodoluminescence (CL) at these wavelengths is a powerful tool
for the analysis of GalInNAs material, only very few reports have been pub-
lished about this topic [12,49]. We obtained CL mappings at 10K. Some
results are shown in Fig. 2.17.

The darker area shown in the sample grown with no magnetic field, NIM2
(Fig.2.17a), is caused by a dust particle on the surface, as observed in the cor-
responding SEM image (not shown). Both figures show a rather homogeneous
lateral distribution of the luminescence intensity, but a slight granularity is
detected in both images. To analyze this CL distribution quantitatively, we
performed CL intensity profiles or line scans.

Results of such measurements are shown in Fig.2.18 performed at the
same energy as the CL mappings of Fig. 2.17. The intensity fluctuations visi-
ble in this figure show areas of different brightness of around 4 um in diameter.
These were previously observed in GaInNAs material by Kitatani et al. [12],
who reported similar granularity in the same scale. To directly compare both

Fig. 2.17. (x2,000) CL images of (a) NIM2 sample (no magnet) at 1,330 nm and
(b) IM2 sample (magnet) at 1,300 nm. Scale is indicated by the white line
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Fig. 2.18. CL emission from samples IM2 and NIM2, (grey and dark lines,
respectively), at 12K

line scans, we used the RMS modulation depth, as defined in [50]. We can then
directly compare both samples. Calculations of this parameter yield values of
17.3% and 9.7% for samples NIM2 and IM2, respectively. The modulation
depth reveals the underlying disorder of the GaInNAs QW [50,51] and indi-
cates a higher degree of disorder for the sample grown without magnetic field.
This conclusion is consistent with the previous experiments (RTA annealing
and photoluminescence). In Sect.2.6.2 we will describe structural measure-
ments that corroborate our hypothesis of a better quality of the GaInNAs
QWs grown under an applied magnetic field.

2.6.2 Structural Characterization

To complement the optical measurements presented in Sect.2.6.1, we per-
formed some structural analysis, using two different microscopy techniques,
AFM and TEM.

Atomic Force Microscopy

To use this powerful characterization tool for the analysis of GaInNAs mate-
rial, we grew two equivalent 7-nm thick epilayers, with the same composition
than NIM2 and IM2 QWs, and which we will call NIM3 and IM3, for the
conventionally grown epilayer and under the application of a magnetic field,
respectively. These epilayers were grown under exactly the same conditions
of IM2 and NIM2 QWs. Plasma and nitrogen flux were immediately stopped
after the completion of the epilayer.

Figure 2.19a, b show two 500 x 500nm regions for both samples.
Figure2.19¢, d show the same region with a higher detail (180 x 180 nm).
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Fig. 2.19. Atomic force microscope scans of samples NIM3 (no magnet, figures
a and c) and IM3 (magnet, figures b and d). Scan scales: (a) 500 x 500nm. (b)
500 x 500nm. (c) 180 x 180nm. (d) 180 x 180nm
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Fig. 2.20. Height profiles from the surfaces shown in Figs. 2.19a, b. Grey and black

lines represent the section profiles of IM3 (magnet) and NIM3 (no magnet) samples,
respectively

In Fig.2.19a the NIM3 epilayer is shown, grown under the usual ion density
in the chamber. This image shows a great modulation of the surface, and the
presence of holes tens of nanometers wide. The formation of such holes has
been observed by other groups previously [52].

The depth of some holes is higher than ten atomic monolayers. In the
scanned area the RMS roughness of this surface is 0.53 nm. Figure 2.20 shows
profiles of a random section from both surfaces. In these profiles, the fluctua-
tions of the surface can be easily observed. Undulations of the same magnitude
have been observed for GaInNAs QWs by other groups [53].

On the other hand, if we observe the IM3 surface (Fig. 2.19b), grown with a
lower ion density, we can clearly see a flatter, more homogeneous, and compact
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Fig. 2.21. Normalized fast Fourier transform of a mean section (shown in Fig. 2.20)

of the surfaces from samples IM3 (magnet) and NIM3 (no magnet), represented by
white circles and dark squares, respectively

layer, with a RMS roughness of only 0.35nm, almost half that of NIM2. The
profile measurements show that only fluctuations from one to four monolayers
are found. Thus, we can conclude from these measurements that the applica-
tion of the magnetic fields strongly reduces the roughness of the upper layer
from GalnNAs QWs, for given growth conditions. The statistical analyses of
every section of the images give rise to similar results. In Fig.2.21 we show
the mean fast Fourier transform (FFT) taken from several profiles from the
surfaces. We obtain from this transform information about the periodicity of
the features of the surfaces. Continuous lines are interpolations between the
points, representing the data. As seen in this figure, we observe a clear peri-
odicity in patterns (holes) in the sample grown with no magnetic deflection
(black squares), with strong components with periods between 20 and 50 nm.
On the other hand, if we repeat the analysis for sample IM3, we obtain dif-
ferent results: a wide band (white circles) is obtained, which indicates a more
flat surface, with no apparent periodicity due to surface modulation.

Transmission Electron Microscopy

Structural properties of GaInNAs material are quite sensitive to the growth
parameters [54] and to the growth temperature in particular [55]. This growth
temperature must be low (compared to the optimum growth temperatures
for materials such as GalnAs, around 450°C), to suppress 3D or Stranski-
Krastanov growth mode and minimize the formation of undulations from the
upper quantum well interface. Additionally, an intermediate step between 2D
and 3D modes was described in the literature, consisting of the 2D growth
mode, with the formation of a lateral composition modulation from In and N
mole fractions, with modulations periods in the range of 10-50 nm, typically
[56-58]. These modulation fluctuations are directly related to the incorpora-
tion of N, since these variations have not been found such strongly in GalnAs
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Fig. 2.22. TEM micrographs (g = 002) from NIM2 (a) and IM2 (b). The growth
direction was from the bottom to the top of the figures

QWs, and as shown in [53]. In this section we show how this lateral composi-
tion modulation is strongly reduced if the ion density in the growth chamber
is reduced. For this reason, we studied samples IM2 and NIM2 by TEM.

Figure 2.22a, b show TEM photographs taken with a diffraction vector
g = 002, sensible to the material composition [53,56]. As observed in this
figure, we only see slight fluctuations in the upper interface of the QW, indi-
cating that no 3D growth mode occurred. This is consistent with the streaky
patterns observed in the RHEED during the growth. A slight modulation of
the upper interface is observed for sample NIM2 (Fig. 2.22a). In addition to
this fluctuation, a lateral composition modulation is also observed. This fluc-
tuation is caused by the simultaneous incorporation of In and N, as shown
in [56]. This modulation has not been observed for InGaAs. These compo-
sition fluctuations are spaced apart between 20 and 100nm, as depicted in
Fig. 2.22a. The period of this fluctuation is in the same range than that found
in the previously showed AFM measurements. Analyzing sample IM2, shown
in Fig. 2.22b, we cannot now appreciate fluctuations in QW thickness, which
is consistent with a perfect 2D growth mode. Additionally, no compositional
modulation was found along the QW. With this experiment, we have a direct
evidence of the strong correlation of the ion density present in the chamber
during the growth and the lateral composition modulation of the GalnNAs
QWs: When this density is reduced by the application of magnetic fields this
lateral composition modulation is suppressed for QWs grown under exactly
the same conditions.

Figure 2.23 shows a high-resolution TEM micrograph from sample IM2.
Here we can appreciate the high quality of the quantum well and its interfaces.
Upper and lower interfaces are almost undistinguishable. Only variations of
very few monolayers are to be seen in the micrograph.

Effect of Plasma Ions on Carrier Localization

The incorporation of small nitrogen quantities in GaInNAs QWs shifts the gap
of the material toward lower energies [10]. But additionally, a nonnegligible
density of localized states is formed below the GalnNAs conduction band
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Fig. 2.23. High-resolution TEM micrograph of IM2 sample, grown with the low-ion
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Fig. 2.24. Left: PL peak energy as a function of the temperature for samples IM2
and NIM2, white circles and black squares, respectively. The continuous lines are
[B-spline interpolations between the data. Dashed-dotted lines are Varshni fits to
the data. Right: evolution of the FWHM of the PL spectra as a function for the
temperature for the same samples IM2 and NIM2

[56]. Several experiments have been made to detect and characterize them. In
photoluminescence at different temperatures we can observe S-shape behavior
of the QW peak emission [59,60]. PL spectra from IM2 and NIM2 QWs, similar
results are shown in Fig. 2.24.

The peak energy emission from both samples is plotted in this figure by
white circles and black squares, for samples IM2 and NIM2, respectively.
Solid lines are B-spline interpolations between experimental data, drawn as
a guide for the eye. Dashed-dotted lines are fittings to the Varshni model,
which describes the variation of the gap with temperature. These fittings were
also performed by other authors for GaInNAs QWs with good results [60].
Varshni’s formula, to be fitted, is

aT?

. (2.1)
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Table 2.1. Parameters used in Varshni fits for the single quantum well GaInNAs
samples IM2 and NIM2, shown in Fig. 2.24

Parameter IM2 NIM2

a 34x107%eVK™! 34x107%*eVK™!
B 296 K 296 K

E(0) 0.9285 eV 0.9385 eV

Table 2.2. Localization parameters measured for the single quantum well GaInNAs
samples IM2 and NIM2, shown in Fig. 2.24

Parameter M2 NIM2
Tioc TTK 100K
Eioc (16K) 10 meV 18 meV
FEloec @ Thoc 34 meV 60 meV

Fitting parameters are listed in Table 2.1. These are very close to those found
in the literature [60]. At lower temperatures, the optical emission is mainly due
to transitions from localized states. In this region, it is observed that the tran-
sition energy is linearly reduced as the temperature is increased. After reaching
the delocalization temperature (Tjoc), if the temperature is increased, carriers
are thermally activated, and the conduction band population is increased. If
the delocalization temperature is exceeded, the optical emission observed is
mainly due to transitions from the conduction band. As observed in the figure,
the fitting of the data with Varshni model is quite satisfactory for tempera-
tures higher than 100 K for both samples, where localization effects are almost
negligible.

To make an estimation of the localization energy, we can study different
parameters [45]. First of all, a comparison of the delocalization temperatures
can be made. In Fig. 2.24 we can clearly observe how the delocalization tem-
perature Tloc is lower for the low-ion density QW (TloCIM2 = 77K) than for
the other sample, with a higher TIOCNIMQ of 100 K. Another estimation for the
localization energy is the difference from localized states measured from the
PL experiments and the simulated gap energy. At the lowest temperature from
our experimental setup, 16 K, the localization energy is (ElOCIM2 = 10meV),
again lower than the localization energy of the sample with higher ion density,
Fioc™™2 — 18 meV. If this energy is estimated at the delocalization energy,
the difference is higher, as shown in Table 2.2.

Additionally, we can observe the FWHM of the PL emission of the same
samples NIM2 and IM2 (Fig. 2.24, right). We see in this image how the maxi-
mum of the FWHM occurs at higher temperatures in the NIM2 sample. This
is again consistent with a deeper localization energy in the case of the sample
grown conventionally with no ion deflection.

We thus conclude that the observed localization energy from GalnNAs
QWs is strongly dependent on the ion density present in the chamber during
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growth. The higher ion density causes the deeper the localized states. This
effect could also be due to the structural properties discussed in the previous
subsection, since it is known that QW morphology plays a fundamental role
on the localization energy [45].

2.7 Conclusions

In this chapter, our contributions to the characterization and understanding
of nitrogen rf plasmas, and the effect of the ions on the optical properties of
GalnNAs QWs grown by MBE have been presented.

A novel in situ plasma characterization method, consisting in the use of a
Bayard—Alpert gauge as a modified Langmuir probe, has been proposed and
demonstrated. We used this technique to perform a reliable characterization of
the ignited plasma. This proposed setup can be used for the characterization
of plasma parameters exactly at the sample position. Combining this method
with other widely extended standard plasma characterization techniques (as
for example the OED), optimum plasma parameters (Nitrogen flux, rf applied
power) can be chosen for the growth of high-quality quantum wells.

Using the modified Langmuir probe method, the presence of plasma ions
impinging onto the surface of the sample was detected. Since the presence of
these ions during growth reduces the quality of the QWs, the application of
external static magnetic fields was proposed to deflect the flux of ions flowing
from the nitrogen source toward the growing surface, thus reducing the density
of charged particles impinging onto the surface. With the modified Langmuir
probe an effective reduction of the ion current at the position of the sample
was measured, assessing the effectiveness of the deflection method.

The effects of the ion density impinging onto the sample during the growth
of GalnNAs layers grown on GaAs (111)B and (100) were presented. The
results for both orientations are similar: It was found that samples grown
under a higher ion density showed poorer optical (reduced intensity and
broader emission) and structural quality (compositional fluctuations, QW
undulation), as shown by combined experiments of microscopy (AFM and
TEM), and luminescence techniques (PL and CL).

We found that using the proposed magnetic deflection, the ion density is
effectively reduced and the overall quality of the GaInNAs quantum wells is
therefore strongly increased. Particularly, on GaAs (100) it was shown that the
application of a deflecting magnetic field during the growth yielded a strong
reduction of lateral compositional modulation of the GaInNAs quantum wells.
Finally, we found from PL experiments that the samples grown with higher
ion density showed a more pronounced and a deeper localization energy than
the optimal samples grown under the magnetic deflection.
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