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Abstract

In this paper, we present the application of photoreflectance (PR) spectroscopy
to investigate the energy level structure of GalnNAs-based quantum wells
(QWs). Series of single GaInNAs/GaAs QWs with different nitrogen and
indium contents are analysed. The electron effective mass (m}) and conduction
band offset (Q¢) are determined and compared with the literature data. The
QOc in GalnNAs/GaAs system in the range of investigated GalnNAs content
(28-41% of In, 0.3-5.3% of N) has been found to be almost the same as for
GalnAs/GaAs system, i.e. Oc ~ 0.8. In addition, the energy level structure for
the step-like GaInNAs/Ga(In)NAs/GaAs QWs tailored at 1.3 and 1.55 um and
the Sb-containing Ga(In)NAs/GaAs QWs is investigated. Also, the character
of PR transitions, the influence of rapid thermal annealing (RTA) on the
energy level structure, and the influence of the carrier localization effect on
the efficiency of PR photomodulation are discussed.

1. Introduction

Semiconductor lasers operating at 1.3 and 1.55 um wavelengths are very important light
sources for fibre telecommunication. For these wavelengths there are windows of zero
dispersion and minimized damping in the currently installed fibres. Up to now lasers at
these wavelengths have been almost exclusively fabricated from GalnAsP or AlGalnAs
heterostructures on InP. Recently, a novel GaAs-based material system (i.e. GalnNAs/GaAs
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QW) has been proposed for this application [1]. GaAs-based lasers offer a number of
advantages, as compared to InP-based structures, including higher temperature insensitivity of
the laser threshold and output, which could allow for uncooled operation of the devices. Also,
in the case of GaAs-based structures it is easy to grow a good GaAs/AlAs distributed Bragg
reflectors (DBR) structure for vertical-cavity surface-emitting lasers (VCSEL). Moreover, the
use of GalnNAs as an alternative material system offers cost-effective production on large-
scale-GaAs substrates [2, 3].

The role of nitrogen atoms in III-V compounds (i.e. GaAs, GalnAs) is two-fold: nitrogen
atoms cause the bulk bandgap to decrease dramatically, and the smaller lattice constant of
GaN results in lower strain in GalnNAs, as compared to GalnAs. However, with an increasing
nitrogen mole fraction, the optical quality of the material usually deteriorates significantly,
resulting in a higher threshold current density of lasers. In order to improve the performance
of 1.3 and 1.55 um GalnNAs/GaAs QW lasers, the nitrogen composition of the GalnNAs
well should be considerably small, commonly no more than 1%, although this will lead to
an increased strain for getting the corresponding wavelength. Nowadays, the GalnNAs/GaAs
lasers present very competitive characteristics at 1.3 um wavelength [2, 4-6], but it remains
difficult to obtain this good performance at longer emission wavelengths. Optimal values
which are typically used for 1.3 emission are, respectively, 35% In and 1% N. Higher indium
composition increases the compressive strain to a critical point for the structural quality
of the QW. Higher nitrogen composition introduces non-radiative centres, which results in
poor optical properties. For these reasons, other approaches were developed to redshift the
emission wavelength and to keep good optical quality [7]. One of them is to introduce strain-
compensated layers to this GalInNAs/GaAs QW structure [8—13], thus the active region of
such a laser structure is a step-like QW. The other approach is to incorporate Sb atoms into
GalnNAs compounds [14-16]. In addition, the nitrogen-containing structures are very often
annealed because this significantly enhances PL intensity, although it simultaneously shifts the
bandgap energy to blue [17-19]. All mentioned modifications influence the energy structure
of GalnNAs/GaAs QWs. In this paper we focus on the investigation of the energy level
structure in GalnNAs-based systems and its evolution due to the introduction of step-like
barriers, Sb atoms and RTA. In order to investigate the energy level structure we have applied
PR spectroscopy [20, 21].

PR spectroscopy utilizes the modulation of the built-in electric field at the semiconductor
surface or interface through photo-injection of electron—hole pairs generated by a chopped
incident laser beam. Itis equivalent to a non-contact form of electroreflectance. This technique
produces sharp spectral features related to the critical points of the band structure even at room
temperature. It is a very important aspect of material characterization since devices normally
operate around room temperature. Unlike other techniques such as photoluminescence (PL),
which show only ground state QW transitions, PR yields energies of barrier and higher-order
QW transitions. This provides a more strict comparison with the theoretical models and can
give reliable information about such factors as the band offset or the electron effective mass.
Moreover, PR spectroscopy which is an absorption-type method is not sensitive to defect
states, and the combination of a PR experiment with an emission-type experiment, e.g. PL,
becomes a very powerful tool to investigate optical processes in semiconductor structures. In
addition, PR is contactless and therefore non-destructive, which is useful for characterization
during various stages of device fabrication. So far, many important bulk parameters such
as bandgap energies, alloy compositions, doping concentrations, built-in electric fields, and
surface Fermi energies have been determined by using PR spectroscopy. Since the end of
1980s PR spectroscopy has become one of the fundamental tools to investigate the energy
levels in QW structures [20, 21].
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2. Experiment

Both molecular beam epitaxy (MBE) and metal-organic vapour-phase epitaxy (MOVPE) grown
samples were used in this study. All samples were grown on unintentionally doped (100) GaAs
substrates. MBE samples were grown at Wurzburg University (WU) in Germany and at the
Laboratoire de Photonique et de Nanostructures (LPN) CNRS in France. MOVPE samples
were grown at the Royal Institute of Technology (KTH) in Sweden. More details about MOVPE
and MBE machines and growth processes can be found elsewhere [9, 22, 23]. To determine
the nitrogen and indium contents, both high resolution x-ray diffraction and pre-calibrated PL
investigations of the samples were preformed. The PR experiments were performed using a
tungsten halogen lamp as a probe light source. For photomodulation, the 635 nm line of a
semiconductor laser was employed as a pump beam. A single grating 0.55 m monochromator
and a thermoelectrically cooled GalnAs pin photodiode were used to analyse the reflected
light. The details of the PR apparatus are described elsewhere [21].

3. Results

3.1. The energy level structure of GaInNAs/GaAs QWs: electron effective mass and band
offset determination

Most practical optoelectronic devices adopt QW structures. Hence, the knowledge of the
bandgap energy, the number of confined electron and hole states, the electron effective mass
and the band offset is necessary. In this section we present the PR approach to investigate these
issues. Also, a review of these subjects and some conclusions are presented in this section.

3.1.1. Theoretical approach. The most striking features in the Ga(In)NAs system are the
dramatic reduction in fundamental bandgap energy and the huge increase in electron effective
mass. Shan et al [24] have shown that these unusual behaviours can be quite well understood
within a simple band anticrossing (BAC) model. In this model the incorporation of nitrogen
atoms into a host matrix compound (GaAs or GalnAs) leads to a strong interaction between
the conduction band and a narrow resonant band formed by the nitrogen states. The interaction
between the extended conduction states of the matrix semiconductor and the localized nitrogen
states is treated as a perturbation which leads to the following eigenvalue problem:

E — Em VMmN

Vmn E — Ex @

where E\p are the conduction states of the matrix semiconductor, Ey are the localized states,
related to nitrogen atoms, and Vi is the matrix element describing the interaction between
E\ and EN. Solving the eigenvalue problem gives the following subband energies:

Ey = %[EN +Ey £ \/[EN — Em* + 4V1\%IN]' @

Vmn and Eyn have to be extracted experimentally, and many authors have investigated these
parameters so far [24-28]. Lindsay and O’Reilly [29] have found that for nitrogen-diluted
GaAs the Viyn element varies with the nitrogen content as Viyn = Cymn+/X, where Cyy is
the coupling constant and x is the nitrogen content. They have also obtained that Ey and Ex
vary with the nitrogen content according to Ex = E{ — yx and Ey = E( — ax, respectively,
where E]% = 1.675eV,y = 2.52¢eV,a = 1.55¢V, and E| is the energy of the Ga(In)NAs
compound in the absence of nitrogen atoms.
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Klar et al [30] have shown by using the tight-binding supercell calculation method that
the bandgap energy of GalnNAs changes dramatically with the change in the nitrogen nearest-
neighbour environment from four Ga to four In atoms. Duboz et al [31] have adapted results
obtained by Klar to the BAC model by the modification of Eyx parameter. The influence of
RTA on the BAC parameters has been investigated in [28].

It should be underlined that numerous investigations of the BAC parameters were focused
either on the GaNAs ternary compound or on GalnNAs layers lattice matched to GaAs, even
though some of the most promising results for laser diodes have been obtained using highly
strained, high In content GaInNAs QWs (see for example [2, 4]). For such a system the
material parameters are usually extrapolated from the low In content GalnNAs compounds
because bulk-like GalnNAs layers with a high In content cannot be grown on GaAs substrate
due to the strain limit. Hence, some controversies associated with the value of the bandgap
energy can appear for GalnNAs compounds with a high In content.

Calculations in the framework of an empirical pseudopotential method have shown that the
band structure of Ga(In)NAs compounds is more complicated [32]. The structure includes two
types of electronic states. First, there are the nitrogen pairs or other atomic cluster states that
are created randomly in the bulk during growth. The localized energy levels due to nitrogen
related clusters are formed around the conduction band either in the gap or in the continuum.
Second, the perturbed host states represent mixing of the I'-X-L and other conduction states
by the N-induced perturbation. Hence, we rather should have a coupling and anticrossing of
I', X, and L edges instead of the two-level BAC approach where only the interaction of the
conduction band with the localized nitrogen level is taken into account. Therefore, using the
BAC model actually means that we replace the complex interaction with higher-energy states
by the coupling to only one ‘effective’ nitrogen level to get a simple empirical description of
the Ga(In)NAs band structure. In general, the ‘effective’ nitrogen level may not correspond
to a real state. However, in order to find the bandgap energy of the GaInNAs compound the
BAC model is quite sufficient. The biggest advantage of the BAC model is its simplicity and
quite good agreement with experimental data, hence we confine our theoretical approach to
the BAC model.

The calculations of QW energy levels were performed within the framework of the usual
envelope function approximation [33]. The excitonic effect was neglected. In order to find
the bandgap energy of GalnNAs compound, we have adopted the BAC model with typical
parameters: Ex = 1.65 eV, Ey = E, (GalnAs), and Cnv = 2.7 eV. We do not vary these
parameters with the increase in nitrogen and indium contents. According to the BAC model,
the influence of nitrogen-localized states on the valence band structure is neglected. Hence,
we have assumed that the effective mass of light- and heavy-hole does not change after adding
nitrogen atoms. In our calculations, we have included strain effects. The biaxial strain was
calculated based on the Pikus—Bir Hamiltonian [34] as in [35]. The energy shifts due to
hydrostatic § Ey and shear é E's strain components equal

c
SEy = Za(l - C—”)g 3)

SEs :Zb(l —2&)8, 4)
Cn
where ¢ is the strain tensor in the plane of the interfaces, C;; and Cy, are elastic stiffness
constants, and a and b are the hydrostatic and shear deformation potentials, respectively. All
the parameters have been obtained by linear interpolation between the parameters of a relevant
binary semiconductor [36]. In our calculations, we have considered m? and Qc as fitting
parameters. In order to find the optimal value for m? and Q¢ parameters we have several times
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repeated the following procedure. In the first step we determine the electron effective mass,
i.e. we fit the calculated energy of the ground state transition to experimental data at fixed Q¢
(the same as for GalnAs/GaAs QW) and free m} parameter. The conduction band offset is
determined in the next step. In this step, we investigate what changes the energy difference
between QW transitions for different O, and we search for the optimal value of the parameter.
Usually, the energy of the ground state transition is weakly sensitive to the band offset, while the
higher QW levels and the energy difference between them is significantly sensitive. During the
identification of QW transitions we take into consideration the intensity of PR resonance and
we compare PR resonances to well defined QW transitions in the reference sample. Hence, the
reference QW is very useful. Moreover, the observation of nominally forbidden QW transitions
is very helpful during the determination of the Q¢ parameter. More details about the procedure
of matching experiment with theory can be found in [37]. This procedure applied to N-free
QWs gives a good agreement with experimental data for m} and Qc typical for the GalnAs
compound.

3.1.2. Determination of the energy level structure by PR spectroscopy. Four subsets of
GalnNAs/GaAs single QWs (SQWs) with different indium and nitrogen contents were selected
to present the evolution of energy level structure after the introduction of nitrogen atoms into a
GalnAs well. The first subset consists of three samples with In content of 28%, QW with 9 nm
and nitrogen concentration of AR—0% (reference sample), A1—0.35%, and A2—0.5%. In
the second subset there are three samples with In content of 36%, QW width of 7.2 nm
and nitrogen concentration of BR—0% (reference sample), B1—0.7%, and B2—1%. The
third subset consists of four samples with In content of 41%, QW width 9 nm and nitrogen
concentration of CR—0% (reference sample), C1—2%, C2—3.7%, and C3—5.2%. The
fourth subset was grown by MOVPE as opposed to the three above grown by MBE. This
subset consists of three samples with In content of 34%, QW width of 6.5 nm and nitrogen
concentration of DR—0% (reference sample), D1—0.5%, and D2—0.8%. All samples have
a ~100 nm thick GaAs capping layer. The last subset was selected in order to compare the
quality of MOVPE and MBE GalnNAs/GaAs QWs.

Figures 1 and 2 show room temperature PR spectra of the three subsets of SQWs grown
by MBE and one subset of SQWs grown by MOVPE, respectively. Using a GalnAs/GaAs
QW as a starting point to study the effect of nitrogen incorporation has several advantages, like
for example easier identification of PR resonances of N-containing QWs. All PR spectra are
dominated by the GaAs bandgap bulk-like signal above the energy of 1.4 eV. Below this energy
the QW-related transitions are observed. The arrows in figure 1 indicate transition energies
obtained from the fitting procedure to the PR data using the first derivative Gaussian line-shape
(FDGL), the most appropriate form of PR resonances in the case of confined transitions, like
those in QWs, at room temperature [38]. The identification of all QW transitions was possible
on the basis of calculations described above. The notation nmH (L) denotes the transition
between the nth heavy-hole (light-hole) valence subband and mth conduction subband. The
resonance at the lowest energy we connect with the 11H transition, which is a fundamental
one in such QWs. Besides the 11H transition, the PR spectra show a 11L transition (i.e. the
lowest energy transition for light-holes) and transitions between excited QW states: 22H, 12H,
21H, and 32H. The transitions 12H and 21H are forbidden ones but due to the presence of a
surface electric field in the structure [39, 40] or other imperfections of the QW it is possible to
observe such transitions in PR measurements. The magnitude of the surface electric field in a
semi-insulating structure decreases exponentially with the increase of distance to the surface.
If a QW is close to the surface its potential can be changed and the symmetry of the QW can be
lost [39, 40]. Usually, the surface electric field is very weak and a 100 nm cap is sufficient to
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Figure 1. Room temperature PR spectra of Gag72Ing23N,As,_1/GaAs (subset ‘A’) (a),
Gag 64100 36N Asy_1/GaAs (subset ‘B’) (b), GagsolngaiN,Asy_1/GaAs (subset ‘C’) SQWs
(c) grown by MBE. The samples were grown at WU in Germany.

separate the QW from the surface electric field influence. However, in many cases the surface
electric field makes the forbidden transitions observable. Usually in such cases, the Stark shift
of QW transitions caused by the surface electric field can be neglected because we are in the
limit of very low fields (F < 1kV cm™!). In this regime of electric field the selection rules are
changed only while the energies of the QW transitions shift very weakly (below the resolution
of the experiment).

In our structures, the existence of a surface electric field is confirmed by the presence of
GaAs-related Franz—Keldysh oscillations (FKOs) [41]. The magnitude of the field changes
from sample to sample. On the basis of the FKO period, we have estimated that the surface
electric field is 14, 21, and 25 kV cm ™! for sample A1, A2, A3, respectively; and ~6 kV cm™~!
for whole subset ‘B’. Itis 16 kV cm~! for sample C3 and 13, 19, 26 kV cm~! for samples D1,
D2, and D3, respectively. The surface electric field was not estimated for samples C1, C2, and
C4 due to the absence of FKOs in their spectra. The fact that nominally forbidden transitions
are more visible for structures with surface electric field higher than 13 kV cm ™! indicates that
the surface field changes the square-like profile of the well slightly. It is one of the reasons
why the oscillator strength of nominally forbidden transitions is stronger in some cases. Also,
other factors like alloy fluctuations and hole wavefunction mixing can influence the selection
rules. Such factors seem to be especially important for the subset ‘C’, i.e. Galn(N)As layers
with a high concentration of In atoms.

Regarding the behaviour of QW transitions after adding nitrogen, it is seen that with
the increase in nitrogen content, all the QW transitions shift towards lower energies [42—45].
The analysis of the shift with the increase in nitrogen content seems to be the most interesting
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Figure 2. Room temperature PR spectra of Gag ¢6Ino 34N, As,_1/GaAs (subset ‘D’) SQWs grown
by MOVPE. The vertical arrows and dash indicate energies obtained from calculations and the fit
by FDGL, respectively. The samples were grown at KTH in Sweden.

for the subset ‘D’, due to a strong PR signal and significant intensity of forbidden transitions.
The arrows in figure 2 indicate the transition energies obtained on the basis of calculations.
The energies are in good agreement with energies obtained from the fit of the PR data by
FDGL (compare the arrows and vertical dash). The energy difference between heavy-hole
levels remains almost constant after adding nitrogen atoms. It results from a weak nitrogen-
induced change in the QW valence band and negligible changes in the heavy-hole effective
mass. The redshift of the QW transitions comes mainly from the shift of electron levels and
two factors influence its value. The first is an increase in QW depth and the second is an
increase in electron effective mass. The impact of these two factors increases with the increase
in nitrogen content. Such significant changes of conduction QW depth and electron effective
mass cause the energy difference between electron levels to change significantly after adding
nitrogen. For the nitrogen-free SQW the indium content is so high that the band alignment
for the light-hole is of type II, leading to indirect light-hole related transitions in real space.
The energy difference between fundamental light- and heavy-hole transitions does not change
significantly after adding nitrogen. This confirms the fact that the light-hole transitions remain
indirect despite the fact that nitrogen atoms reduce the strain in the QW layer and hence also the
axial (shear) component of the strain responsible for the valence band splitting. These features
evidently show that the incorporation of nitrogen atoms into GalnAs/GaAs QW influences
mainly the conduction band, while the valence band remains almost unchanged.

3.1.3. Electron effective mass and conduction band offset determination. In the framework
of the BAC model the electron effective mass equals
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where my is the electron effective mass in the host matrix (i.e. GalnAs compound). According
to equation (5) an increase in the electron effective mass with the increase in nitrogen content
takes place. In the case of the BAC electron effective mass, we can find satisfactory agreement
with the experiment only for one QW with In = 34% and N = 0.3%, while the agreement
drops dramatically for other QWs. In the case of high indium and nitrogen contents, we
have obtained QW transitions at higher energies than experimental values. Moreover, other
authors [46] have reported a decrease of the Cny matrix element with the increase in indium
content. Such behaviour of Cny is intelligible and is rather expected within the BAC model.
However, if we take the electron effective mass after the BAC model with Cny less than 2.7 eV
(e.g. 2.2 eV), we obtain less agreement with the experimental data. Another approach is to
increase the Cxy parameter. We have found that this leads to a little better agreement with
the experimental data. The increase of the Cny parameter has been also considered by other
authors [47], but this approach is rather controversial. Therefore, we decided to fix the Cnm
parameter for each sample at the level of 2.7 eV and to make the electron effective mass a free
parameter.

Figure 3 shows the fitted m} in GalnNAs/GaAs QWs for different indium and nitrogen
contents. First, we have found that m} in GaInNAs is bigger than in GalnAs with the same
indium concentration. Second, the m? increases with the increase in nitrogen concentration.
The values obtained by us are in good agreement with those found for bulk GaInNAs layers by
Skierbiszewski et al [48] and for GaInNAs/GaAs QWs by other authors [49-52]. The obtained
m? agrees with the BAC model only in the range of low indium and nitrogen concentrations.
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The variation of the BAC parameters does not change the m} value sufficiently (see the BAC
curves in figure 3). Therefore, the electron effective mass cannot be taken after the BAC model
if we want to calculate energy levels of GaInNAs/GaAs QWs in the framework of the BAC
approximation of GalnNAs bandgap energy. In our approach we have found that in the range
of investigated indium and nitrogen contents the influence of indium concentration on m} can
be neglected and m} can be approximated by the formula

my = (0.072 + 0.011x)my, (6)

where x is the nitrogen concentration in %. The obtained formula gives the electron effective
mass close to values obtained by the BAC model for GaNAs compounds (see in figure 3).
In the case of GaInNAs compounds, an increase in In content leads to a significant decrease
of m} within the BAC approach, as seen in figure 3. Such a strong change in m} due to the
incorporation of In atoms at the same N content is not observed. The m} increase is a feature
which s attributed to the presence of N atoms. The influence of In atoms on m is not excluded;
however, the BAC predictions are reasonably valid. Our results show that the incorporation
of 0.3-5.2% of N atoms into GalnAs increases m} by ~50-130% in comparison to the m; of
GalnAs, while the incorporation of as much as 41% of In atoms into GaAs decreases the m
only 25% in comparison to the m} of GaAs. Therefore, the influence of In content on the m
value can be neglected to a first approximation as in equation (6), especially if the scattering
of the data is of the order of 20%.

In addition to the m} parameter, the Q¢ is a second free parameter in our calculations. This
parameter is crucial for the temperature characteristic of laser structures. Itis important to have
the type I structure with a deep confinement potential for electrons and suitably deep potential
for holes. We can determine the conduction band offset on the basis of PR data because
QW transitions, especially the excited ones (i.e. 22H, 21H,...), are sensitive to variations of
QOc. In addition, the observation of partially forbidden transitions facilitates the verification
of Qc.

Figure 4 shows the Q¢ parameter for the GaInNAs/GaAs SQWs with different indium and
nitrogen concentrations obtained in this work (open points) and taken from literature (remaining
points). In the case of QWs investigated in this paper the indium content is relatively high
(28% < In < 41%), and in this range of indium content the Q¢ for the GalnAs/GaAs system is
almost the same (i.e. Q¢ = 0.8) [53]. The incorporation of a small quantity of nitrogen atoms
(N < 5%) in InGaAs does not change Qc drastically in comparison with InGaAs material
with the same indium concentration. We have obtained the result that with an increase in N
concentration to 5%, Q¢ increases up to 0.85. Hence, to a first approximation we can assume
that Q¢ for the GaInNAs/GaAs system is the same as for GalnAs/GaAs one.

To end this section we would like to draw attention to the fact that such additional
factors as (i) different nitrogen nearest-neighbour environments, (ii) N-related defects, are
not included in the above considerations. This could lead to some discrepancies between the
experiment and calculations, because it has been found that these two factors have a significant
influence on the bandgap structure of Ga(In)NAs compounds. These aspects are discussed
in the following subsections. Moreover, a small difference between the real and determined
nitrogen concentration in GalnNAs layer leads to essential changes in the GaInNAs bandgap
energy. Therefore, we used the simplest model and we did not vary the BAC parameters.
Within this approach two essential results have been confirmed. First, the m} increases after
adding nitrogen atoms. Second, the Q¢ in the GaInNAs/GaAs system is almost the same as
in GalnAs/GaAs one. These two features confirm the fact that nitrogen atoms modify mainly
the conduction band.
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Figure 4. The conduction band offset in GaInNAs/GaAs structure versus N concentration and
In concentration (inset). Open points represent experimental data obtained in this work: [J
subset ‘A’ (28% In); O subset ‘D’ (34% In); A subset ‘B’ (36% In); v subset ‘C’ (41% In);
< Gag 2Ing.33Np.053AS0.947/GaAs SQW (sample analysed in section 3.2 and marked as QW1).
The remaining points represent literature data: @ [52]; * [50]; B 10% In, A 20% In, ¥ 30% In in
Gaj_yInyNo 007AS0.993/GaAs QW [49].

3.2. The energy level structure of step-like GalnNAs/Ga(In)NAs/GaAs QWs

The step-like GaInNAs/Ga(In)NAs/GaAs QW structures make it possible to achieve 1.3 and
1.55 pm emission at a lower nitrogen and/or indium content. So far, the optical properties
of such step-like QWs have mainly been investigated in PL spectroscopy which probes only
the ground state transition. Therefore, the energy level structure of the step-like QW system
is unknown from the experimental point of view. Also, it is difficult to make theoretical
predictions for such a system due to the lack of material parameters for the nitrogen diluted
compounds, especially the band offset. Therefore, experimental investigations of the number
of confined states in such 1.3 and 1.55 pum laser structures seem to be very interesting from
both a fundamental and application point of view. The thorough analysis of this system will
be presented elsewhere. In this subsection we show preliminary results of PR investigations
for two subsets of step-like QWs tailored at 1.3 and 1.55 um. Figure 5 shows a comparison of
the energy level structure for the three different QW structures. This figure demonstrates the
main idea of the step-like QW system and is useful to explain features observed in PR spectra.

Figure 6 shows PR spectra for step-like Gag ¢6Ing 34N, As;—/GaNo 011 AS.989/GaAs QW
structures with nitrogen content x = 0.007 (curve (ii)) and x = 0.008 (curve (iv)). In
addition, PR spectra of Gag ¢6Ing 34N, As;_,/GaAs SQWs, i.e. reference sample with the same
nitrogen content (x = 0.007 curve (i), and x = 0.008 curve (iii)), are shown in figure 6. All
these structures were grown by MBE. In the case of the reference SQWs, the 11H and 22H
transitions are clearly visible. Also, the 11L transition, with light-hole state having bulk-like
(3D) properties, is noticeable. After the introduction of the GaNy 011 Asg.os9 step-like barrier
the 11H transition shifts to red by 26 and 31 meV for the QW structures with nitrogen content
of x = 0.007 and 0.008, respectively. The 22H transition shifts to red three times more than
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Figure 6. Room temperature PR spectra of step-like QW structures tailored at 1.3 pm.
(@): Gag.e4Ing 34No.007A80.993(8 nm)/GaAs SQW (reference sample) (i), Gag.e61n0.34No.007
As(.993(8 nm)/GaNg g11 Asp.080(8 nm)/GaAs QW structure (ii); (b): (iii) Gag e4Ing.34No.008
AS0'992(8 nm)/GaAs SQW (reference samp]e), (iV) Gao,661n0,34N(),U()gAS()ggz(8 nm)/GaNo,(m
Asp.989(8 nm)/GaAs QW structure. The samples were grown at LPN in France.

the 11H one mainly due to a significant shift of the second electron level. In addition, some
resonances have appeared in the PR spectrum above the 22H transition. These transitions are
related to a higher than the second electron level. However, we have identified only the 33H
transition because on the basis of calculations we have obtained only three confined states
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Figure 7. Room temperature PR spectra of QW structures tailored at 1.55 pm:

(a) Gag 621n0.33N0.053A80.947 (8.2 nm)/GaAs SQW; (b) Gag 61 Inp 30No.025A80.975 (8.5 nm)/GaNo.04
Asp.96(3.7 nm)/GaAs QW structure; (c) Gag g3Ing.37No.02As0.98(8.2 nm)/Gag 965Ing.035N0.03
Asp.097(8 nm)/GaAs QW structure. The samples were grown at WU in Germany.

for heavy-holes. The energy level structure of the valence QW does not change significantly
due to almost flat valence band alignment for the GaNy ;1 Aso.9s9/GaAs system as is seen in
figure 6(b). The essential changes in the hole-level structure appear after incorporating the
GalnNAs step-like barrier (see figure 5). In this case new confined states appear for holes
above the step-like GaInNAs barrier. We have observed transitions related to these levels in
the PR spectrum of such a step-like QW structure.

Figures 7(a)—(c) show PR spectra for GaInNAs/GaAs (QW1), GalnNAs/GaNAs/GaAs
(QW2) and GalnNAs/GalnNAs/GaAs (QW3) structures, respectively. In the case of the QW1
structure the PR spectrum exhibits features typical for high nitrogen content GalnNAs/GaAs
QWs, i.e. a weak PR signal and very broad PR resonances. These two features indicate that
these structures are much worse than the previous 1.3 um QW structures. Similar features are
observed for the QW2 structure, but in this case the PR signal is already about one magnitude
stronger due to the lower nitrogen content. The other interesting feature is the lack of PR
resonance in the 1.1-1.35 eV range despite the fact that new electron levels have appeared
after incorporating the GaNAs step-like barrier. We have not observed them because as was
mentioned earlier no new confined states for holes have appeared after the introduction of the
GalNAss step-like barrier. Due to the selection rules the transitions between the hole subbands
with index n = 1, 2 and the new electron subbands with index m = 3, 4, 5, ... are forbidden.
In the case of the QW3 structure, the GalnNAs step-like barrier causes the QW profile to
change, as is seen in figure 5, and new confined heavy-hole states with index n = 3,4, 5, ...
appear. Hence, in the PR spectrum nmH transitions with index higher than 3 can be observed.
Such excited state transitions (EST) are visible in the PR spectrum of the QW3 structure (see
figure 7(c)). However, due to the small energy difference between the states confined above
the step-like barrier the EST are not resolved and the PR signal looks similar to FKO.
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Figure 8. Room temperature PL and PR spectra of Sb-containing Ga(In)NAsSb/GaAs QW
structures. (a) Sample with a GalnAs/GaAs SQW (reference QW) and a Gag e4Ing 36No.012
As(.973Sbg.015(7 nm)/GaNg g2 Asp.gsSbg.1 (5 nm)/GaAs QW structure. (b) Sample with a
Gag.6Ing.4No.015A80.97Sbg.015(8 nm)/GaNg 024As0.8565bp.12 (5 nm)/GaAs QW structure.  The
samples were grown at LPN in France.

3.3. The energy level structure of Sb-containing Ga(In)NAs/GaAs QWs

The other approach in order to shift the laser emission of GalnNAs/GaAs system to 1.55 um
is to introduce Sb atoms to the GaInNAs compound [14-16]. This makes it possible to obtain
low bandgap energy at a relatively low nitrogen content. In this case the role of nitrogen atoms
in GaInNAsSb compounds is the assurance of the deep confinement potential for electrons
because for the GalnAsSb/GaAs system the conduction band alignment is between type I
and II, depending on the content. An example of PR and PL spectra for an Sb-containing
GalnNAs/GaAs system is presented in this subsection.

Figure 8(a) shows PL and PR spectra of MBE-grown samples with a GalnAs/GaAs SQW
(reference QW) and a GalInNAsSb/GaNAsSb/GaAs QW structure. In the case of the PL
spectrum, it is seen that the integrated PL intensity is bigger for an Sb-containing QW structure.
If we neglect the non-radiative processes which are related to defects we should expect an
increase in PL intensity for the Sb-containing QW structure due to an increase in the QW depth
in comparison to the depth of reference QW. The increase in the broadening of PL emission
for the Sb-containing QW structure is mainly attributed to significant alloy fluctuations in
GalnNAsSb compounds, because in general it is expected that the five-component compound
possesses bigger inhomogeneities than a three-component one.

The PR spectrum of this sample is in good accordance with the PL one. We observe
the ground state transitions at the same energy as in the PL spectrum. The broadening of PR
resonance is bigger for the Sb-containing structure. Above the 11H transition some excited state
transitions are observed. However, a further analysis of the excited state transitions is rather
difficult due to a weak knowledge of the material parameters for Sb-containing Ga(In)NAs
compounds and the conduction band offset for the Ga(In)NAsSb/GaAs system. In addition,
PR resonances related to the excited QW transitions are not defined precisely because alloy
inhomogeneities cause a significant broadening of PR resonances.
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Figure 9. The broadening I' of PR resonance related to the 11H transition for the subsets ‘A’, ‘B’,
‘C’,and ‘D’.

Figure 8(b) shows PL and PR spectra of an MBE-grown sample with an Sb-containing
Ga(In)NAsSb/GaAs QW structure which is very similar to the previous one, but this sample is
without a reference GalnAs/GaAs SQW. Hence, the analysis of excited QW transitions does not
interfere with PR resonances related to other QWs as in the previous sample. In this case in the
PL spectrum besides the 11H emission an emission between higher energy levels is observed.
The PR spectrum is similar to the PR spectrum of the previous Sb-containing QW structure.
The 11H transition observed in PR agrees with that observed in PL. In addition, the PR signal
related to excited QW transitions is well correlated with the PL emission observed in this
spectral region. The emission band observed between 0.9 and 1.1 eV is a tail-looking emission
above the energy of the ground state, but its shape is not an exponential one. Additionally,
this disappears with the decrease of temperature (or excitation power at low temperature),
which suggests that this band is attributed to a recombination between excited states. Such a
recombination is visible because an occupation of excited states by carriers takes place at room
temperature. Therefore, we have attributed the PR resonances between 0.85 and 1.2 eV to the
excited QW transitions. The PR resonances associated with the excited transitions are not
resolved due to the high value of the broadening parameter. These resonances are not resolved
either at low temperatures because phonon-related broadening is smaller than the broadening
due to alloy inhomogeneities.

3.4. Broadening of PR resonances

The broadening of PR resonance is due to electron—phonon interaction, alloy inhomogeneities
and QW width fluctuations. Hence, an analysis of this parameter seems to be very useful while
investigating the deterioration of optical quality due to the incorporation of nitrogen atoms in
GalnAs compounds.

Figure 9 shows the broadening parameter of the 11H transition for the QWs analysed in
section 3.2. We have observed that the broadening of PR resonance increases with the increase
in nitrogen content for all subsets of QWs. The increase in the broadening parameter is mainly
attributed to an increase in GalnNAs alloy inhomogeneities due to the introduction of nitrogen
atoms. We assume that other factors, which also lead to a broadening of PR resonance, have
similar contributions to the total PR broadening for each QW. The other factors originate from
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Figure 10. Bandgap diagram of the GaInNAs compound. Only the fluctuations in the conduction
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electron—phonon interactions and QW width fluctuations. At the fixed temperature and the
comparable roughness of QW interfaces we can assume that the contribution of the other
factors to the increase of the broadening parameter is negligible.

The increase in inhomogeneities is due to the tendency of nitrogen atoms to cluster
(i.e. the creation of nitrogen pairs or other clusters) [32] and the formation of N-related defect
states (nitrogen interstitials, Ga vacancy complexes) [54]. Moreover, the band structure of
GalnNAs compounds strongly depends on the nitrogen nearest-neighbour environment [30].
The mentioned phenomena lead to bandgap fluctuations and to a tail of the density of states
(DOS) as in figure 10. This scheme of band structure assumes unusual bandgap fluctuations.
Usually, alloy content fluctuations lead to bandgap fluctuations where both conduction and
valence bands possess local minima. Nitrogen content fluctuations in III-V-N compounds,
like GaNAs, GalnNAs, and GaNAsSb, lead to a specific variation in the energy bandgap. In
this case, the variation in the bandgap is mainly due to the changes of a conduction band, while
the changes of a valence band can be neglected [43, 55]. Such behaviour is simple to explain
within the BAC model which assumes that the resonant nitrogen level interacts only with the
conduction band of the host matrix (i.e. the compound without nitrogen atoms). The magnitude
of the interaction strongly depends on the nitrogen content, and a small fluctuation in nitrogen
content leads to a significant fluctuation in the conduction band minima. Also, the change
of GalnNAs bandgap due to the change in the nitrogen nearest-neighbour environment leads
to fluctuations in conduction band minima only. Moreover, a non-homogeneous distribution
of the N-related defects, which are located close to a conduction band, also affects only the
conduction band.

On the basis of such a model it is easy to explain the unusually broad PR resonance and high
value of Stokes shift for QWs with smooth interfaces. Hence, within an assumed model, the
increase in the broadening parameter indicates an increase in the magnitude of conduction band
fluctuations and/or an increase of DOS tails. It is equivalent to the redistribution of nitrogen
atoms between different nitrogen nearest-neighbour environments and/or the increase in the
number of N-related defects.

In the case of MOVPE-grown QWs, the I" parameter increases by a factor of 1.2, 2.4, and
3.0 for QWs with 0 (reference QW), 0.5, and 0.7% nitrogen content, respectively. The bigger
broadening obtained in the case of MOVPE structures can be understood because this epitaxial
growth method is worse than the MBE, in general. But we have concluded that the I" increase
has to have an additional origin, because these structures posses rather good optical properties
and the degree of I" increase is significantly larger for N-containing QWs than for N-free QWs
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(1.2 versus 2.2 and 3.0). We are convinced of the good quality of these QWs because the
MOVPE process was refined, and all these QWs were in situ annealed for 10 min at 680 °C.
This procedure has reduced the point defects and improved the optical properties significantly.
Therefore, we have concluded that an additional phenomenon is responsible for such a large
value of the broadening. The additional phenomenon is associated with the presence of
different nitrogen nearest-neighbour environments. These different environments of nitrogen
atoms appear due to annealing (this phenomenon is discussed in detail in section 3.5). Within
the assumed bandgap diagram (see figure 10) the coexistence of different nitrogen nearest-
neighbour environments leads to bigger fluctuations in the conduction band [43]. In the case
of MBE-grown QWs different environments of N atoms are probably not present, because
these structures were not annealed. The other environments of N atoms are expected mainly
for annealed QWs. So far, Raman scattering [56] and infrared transmission [57-59] studies
have shown that the annealing process leads to the formation of N-In bonds instead of N-Ga
ones, i.e. the change of nitrogen nearest-neighbour environments.

3.5. PR investigations of annealing effect

The N-containing structures are usually annealed in order to reduce N-related defects. It
significantly increases the PL efficiency but it simultaneously shifts the bandgap energy to
blue [17-19]. The origin of the blueshift is still controversial. In the case of GalnNAs
compounds it is reasonably established that the increase in bandgap energy after RTA is due
to the change in nitrogen nearest-neighbour environment from Ga-rich to In-rich [30, 60].
However, it is not excluded that other phenomena affect the bandgap energy. Especially,
that a blueshift of the bandgap energy has been observed for post-grown annealed GaNAs
compounds [55, 61]. In this case, the absence of indium atoms supports the other phenomena.
Another phenomenon which could be responsible for the blueshift of the bandgap energy is
a reduction of the DOS tail by post-grown annealing [55]. It is quite well established that
post-grown annealing leads to a reduction of N-related defects. Hence, it should influence the
DOS tail and thereby the bandgap energy. These issues are considered in this subsection.

3.5.1. Post-growth annealing of (Ga, In) (N, As, Sb) layers. Figures 11(a)—(c) show PL
and PR spectra for as-grown and annealed GaNgpxAsoos, GagoslngosNo2Asgoes, and
GaNj 02Asp9Sbg s layers, respectively. It is noted that the three layers possess different
strains. The GaNAs ternary layer is tensilely strained (¢ = —7.9 x 1073) and its PL and PR
spectra, shown in figure 11(b), clearly exhibit two structures which are related to the heavy-
and light-hole splitting. The GalnNAs layer is almost lattice-matched to the GaAs substrate
(¢ = —0.7 x 107%), and is thereby unstrained. In consequence, we do not see any splitting of
the valence band in this sample, and a single structure is observed on the PR spectra. In the case
of GaNAsSb layers we have found that the layer is compressively strained (¢ = 4.5 x 1073).
Such strain leads to an essential splitting of the valence bands. The line-shape of the PR
spectrum confirms the splitting. However, the splitting is not considered in this paper.

In the case of PR measurements, which are not sensitive to defect-related states, we observe
absorption between extended states. Atroom temperature these resonances are associated with
the band-to-band absorption. The negligible Stokes shift between emission and absorption
(i.e. PL and PR transitions) indicates that the band-to-band recombination of free carriers is
dominant in PL at room temperature.

A piece of every sample has been annealed at the same conditions, i.e. at 750 °C for 10 min.
We carefully analysed the structural properties of the samples, comparing their characteristics
before and after annealing. High resolution x-ray diffraction (HRXRD) did not reveal any
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Figure 11. Room temperature PL and PR spectra of as-grown and annealed GaNp o2Asg.0g (a),
Gay 95In0.05Np.2AS0.98 (b), and GaNo 02 Asp.9Sbgog layers (c). The PR spectra are fitted by FDGL
curves. The samples were grown at LPN in France.

changes in the average composition of these two samples. In addition, transmission electron
microscopy (TEM) did not show any significant alloy fluctuations, suggesting that composition
uniformity was not affected by annealing. We therefore consider that the compound content is
the same before and after annealing. Moreover, it has to be noted that the transition energies
are not sensitive to possible interdiffusion at the interfaces, since the layer is thick enough to
cause negligible quantum confinement (bulk-like case).

The room temperature PL and PR spectra for annealed layers are presented in the bottom
part of figure 11. We have found that the blueshift of the bandgap energy equals 20, 27, and
54 meV for the GaNAs, GalnNAs, and GaNAsSb layers, respectively. These shifts cannot be
attributed to an atom out-diffusion, because it has been excluded by structural investigations.
Hence, this phenomenon has been attributed to the effect of the change in nitrogen nearest-
neighbour environment and the effect of the reduction of the DOS tail [55]. Both effects appear
as the result of the annealing, and their magnitude depends on the conditions of the annealing.
The effect of the nitrogen nearest-neighbour environment is important only for the GalnNAs
compound while for the GaNAs compound this effect is absent. Hence, the blueshift for this
compound is smaller than for the GaInNAs one. In the case of the GaNAsSb layer the effect
of the nitrogen environment also can be important. However, no theoretical predictions have
been done so far. The effect of the reduction of the DOS tail due to annealing can be different
for every sample because the DOS tail usually changes from sample to sample. Such a tail is
the origin of the effect of bandgap shrinkage. The post-growth annealing reduces the shrinkage
effect due to the reduction of the DOS tail. It leads to a blueshift of the bandgap energy. Within
the bandgap diagram shown in figure 10 it is proposed that N-related defects create energy
levels close to the conduction band and they are the origin of the DOS tail. The DOS tail of
the valence band is neglected in these considerations because the theoretical predictions show
that N-related defects form energy levels only near the conduction band [32]. In our case the
presence of a DOS tail was strongly manifested in low temperature PL spectra [55].
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Figure 12. Low temperature PR spectra of as-grown and annealed Gag 64Ing 36No.01 Asp.99/GaAs
SQWs together with fitted curves. The samples were grown at WU in Germany.

Finally we would like to draw attention to the fact that the time of annealing was relatively
long while the temperature of annealing could be not high enough for essential changes in
the nitrogen nearest-neighbour environment, i.e. to obtain an In-rich environment. In general,
an interplay between the two effects is expected for the GalnNAs system. We believe that
the interplay depends on both the sample quality and the annealing conditions. For example,
we have observed that for an annealing time of 60 s and a temperature higher than 750 °C
the change in nitrogen nearest-neighbour environment is the dominant effect for GaInNAs
compounds.

3.5.2. Post-growth annealing of GaInNAs/GaAs QWs: the effect of the nitrogen nearest-
neighbour environment and atom interdiffusion across QW interfaces. A blueshift of
the QW emission due to RTA has been reported many times for GalnNAs/GaAs QW. In
this subsection we present the PR investigations of this phenomenon. The 7 nm thick
Gag 641n0.36N0.01 ASp.09/GaAs SQW structures grown by MBE were selected for this research.
These SQW structures were annealed under different temperature and duration conditions.
Samples annealed at 650 °C for 120 s, at 700 °C for 90 s, and at 750 °C for 60 s are presented in
this subsection. In the case of the high quality GaInNAs layer (i.e. the layer with low nitrogen
content) the influence of the DOS tail can be neglected. The negligible presence of a DOS
tail in these SQWs is confirmed by the small enhancement of the PL intensity after annealing.
Such a behaviour of PL intensity indicates that before annealing the number of defects is low.
Therefore in this case, the DOS tail is neglected, and only the effect of atom interdiffusion
across QW interfaces and the effect of nitrogen nearest-neighbour environment are considered.

Figure 12 shows PR spectra for the SQWs investigated in the vicinity of the heavy-hole
ground state transition (11H) recorded at 10 K together with curves approximating these
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spectra [20, 21], and the modulus of particular PR resonances. For the non-annealed SQW a
rather broad signal is observed. It could be suggested that such a broad contour is connected
with multiple QW-related excitonic transitions. However, it fits with a single PR resonance
reasonably well and no more transitions can be distinguished in this case. The broadening
parameter obtained equals 19 meV and is approximately four times greater than that obtained
for the reference N-free sample (see figure 12). In the case of the annealed structures, a
splitting of the fundamental transition is clearly visible, hence the PR spectra have been fitted
using two resonances. The transition at the lower energy (labelled ‘M’) has a broadening
parameter comparable with the non-annealed SQW, while the second one (labelled ‘S’) has
almost the same parameter as in the case of the reference structure (see figure 12). Such a
pair of transitions cannot be explained by a superposition of heavy- and light-hole related
features. The fundamental light-hole transition was observed at a much higher energy (see
section 3.1). Such a splitting of the 11H transition has previously been observed for MOVPE-
grown GalnNAs/GaAs QWs, and has been attributed to the various nitrogen nearest-neighbour
environments in the GalnNAs alloy [30]. In accordance with the calculations of Klar ez al [30],
the fundamental transition can be split into five. In the case of Gag e4Ing 36A80.99No.01/GaAs
QWs the energy difference between the lowest energy (4Ga) and highest energy (4In) transition
is about 50 meV, and the difference between neighbouring transitions is approximately equal
(10 meV in this case). The range of 50 meV is illustrated in figure 12 by a dashed line between
the arrows. It may be assumed that the broadening parameter for each of these five possible
transitions is comparable and is likely to be slightly larger than for the reference SQW (due
to some extra disorder caused by the fourth component of the alloy). Wherever the energy
difference between consecutive transitions is similar to the broadening parameter, the individual
PR resonances are usually not distinguishable (as for the non-annealed sample). However, if
one transition is amplified and has a significantly higher intensity (PR amplitude) than the
others, then this resonance should be visible against the background of the other resonances.
Such a case is observed in our annealed QWs. On the basis of its location this second resonance
has been attributed to the 1Ga3In nitrogen configuration. This agrees very well with the
calculations of Kim and Zunger using Monte Carlo simulations of a GalnNAs supercell [62].
They showed that the configuration of one gallium and three indium atoms around a nitrogen
atom is the most favourable. During a process of fast growth of the quaternary layer the 4Ga
configuration, with strongly strained Ga—N bonds, is most frequently obtained. The annealing
procedure allows a (so-called short range order) redistribution of atoms in the crystal lattice and
the system tends to one with minimal energy, namely the most favourable atom configuration
(1Ga3In in this case). The final distribution should depend on the parameters of the RTA
process. Klar et al [30] observed that as the RTA temperature increases the higher energy
transitions (related to more indium atoms) start to dominate in the PR spectrum. We are
convinced that, in our study, the second resonance for all the annealed structures is associated
with the 1Ga3In nitrogen configuration, but then its energy should be independent of the
annealing conditions. We observe that the ‘S’ feature intensity (PR amplitude) increases with
the rise in the annealing temperature (a higher RTA temperature favours the most probable
configuration), whereas both the ‘M’ and ‘S’ PR transitions shift to higher energies when the
annealing temperature increases. The latter shift can be attributed to the changes in the shape
of the QW due to atom diffusion across the QW interface. The analysis of the morphology
and composition of such QWs has shown that a very thin intermediate layer can be created
at the GaInNAs/GaAs interface [63], which can be smoothed out after annealing. Previous
TEM measurements have confirmed that the interdiffusion of interfaces after annealing is
very weak [19], but despite the fact that this effect is significantly weaker than for example in
InGaAsP/InP structures, where it plays a crucial role [64, 65], it cannot be neglected. Annealing
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Figure 13. The temperature dependence of the PR spectrum for GaNp2Aspog (a) and
Gay 95In0.05No.02As0.98 (b) layers. The insets show PL spectra.

causes the potential well to be smoothed (to a round well instead of a square well) and hence
the energy level shifts, which results in a blueshift of the ground state optical transition. In the
case of a diffusion length of about 2 ML (~0.5 nm) the transition energy of such a QW as ours
can shift by even more than 10 meV [66]. Therefore, the total annealing-induced blueshift
of the ground state transition is caused by two effects: changes in the nearest-neighbour
configuration of nitrogen atoms and changes in the QW profile. However, as can be seen in
figure 12, the value of the energy shift is not the same for the ‘M’ and ‘S’ features (the ‘M’ line
shifts more rapidly as the annealing temperature increases). If we compare the values of this
energy difference for each line between the samples annealed at 650 and 750 °C, we obtain 13
and 31 meV for the ‘S’ and ‘M’ transitions, respectively. The first shift is caused entirely by
changes in the QW profile (assuming that this is related to the 1Ga3In configuration), whereas
the latter must be related to some additional effect. We have to remember that this ‘M’ feature
is multiresonance. Therefore, if the individual resonances are redistributed after annealing in
such a way that the higher energy ones became more intensive, then this results in an apparent
shift of the whole ‘M’ feature. This explanation of the annealing-induced blueshift of the QW
transition was also supported by the PL experiment [60].

3.6. Manifestation of the carrier localization effect in PR spectroscopy

The carrier localization effect has been observed many times in PL spectroscopy. Recently
this effect has been also confirmed by PR spectroscopy [67, 68]. In the case of PR the carrier
localization effect which is present at low temperatures leads to a decrease of PR signal due
to a weakness of the band bending photomodulation.

Figures 13(a) and (b) show the temperature dependence of the PR spectrum for the GaNAs
and GalnNAs samples which are analysed in section 3.5. Figure 14 shows the temperature
dependence of the transition intensity obtained by using a Kramers—Kronig analysis [69] of the
PR spectra. A decrease of transition intensity with the decrease of temperature is observed for
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the GaNAs and GalnNAs layers. Such an unusual behaviour of the PR signal is not observed for
high-quality semiconductor compounds, like for example GaAs or InP. In the case of GaNAs
and GaInNAs compounds the PR signal at low temperatures decreases, because carriers induced
by the pump beam are immediately localized on some potential fluctuations and cannot move.
Such a phenomenon weakens the modulation of the built-in electric field. With an increase in
temperature the thermal energy increases and the localization energy can be exceeded, which
is reflected in the possibility for carriers to move. Such behaviour induces an increase in the
modulation efficiency, because moving carriers allow a change in the built-in electric field.

A decrease in photomodulation efficiency at low temperatures due to the carrier
localization effect has been also observed for GaInNAs/GaAs QW structures [68]. We have
found that with the increase in nitrogen content the effect of carrier localization is enhanced
and the PR signal at low temperature decreases drastically. An example of this effect is shown
in figure 15. This figure shows the ratio of the transition intensity at 300 and 10 K for the
subset ‘C’ of SQWs. It is clearly visible that with the increase in nitrogen content the ratio
rises due to the decrease of PR intensity at 10 K.

The carrier localization effect is usually observed for nitrogen-diluted GaAs and GalnAs
layers and QWs [67, 68]. Hence, the low temperature PR measurements could be limited,
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especially for structures with high nitrogen content, because with the increase in nitrogen mole
fraction the carrier localization effect is stronger and makes the band bending photomodulation
difficult.

4. Summary

We have presented the power of PR spectroscopy in the investigation of the energy level
structure and optical quality of GalnNAs-based QW systems. The electron effective mass and
conduction band offset have been determined on the basis of PR data. In addition, the energy
level structure for the step-like GaInNAs/Ga(In)NAs/GaAs QW structures tailored at 1.3 and
1.55 pm and the Sb-containing Ga(In)NAs/GaAs QW structures have been analysed using
PR spectroscopy. Moreover, PR spectroscopy, as an absorption-type experiment which is not
directly sensitive to defect state, has been applied to explain the annealing-induced blueshift
of the bandgap energy in bulk layers (GaNAs, GalnNAs, and GaNAsSb) and GalnNAs/GaAs
SQWs.
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