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Abstract

In this thesis photoreflectance (PR) and photoluminescence (PL) spectroscopies have 

been applied to determine the optical properties of nitrogen diluted III-V compounds and their 

Iow dimensional strućtures. The thesis is organized as follows. In the Chapter 1 entitled 

Introduction the motivation of this investigation is explained. Experimental techniques and 

samples used in this study are presented in the Chapter 2 entitled Experiment and samples. In the 

Chapter 3 entitled Fundamentals of Ga(In)NAs a short overview of the knowledge on Ga(In)NAs 

is presented. In this overview the author has focused on PR and PL investigations of Ga(In)NAs 

system performed during last years. In addition, the author has presented theoretical approaches, 

which have been applied to explain the unusual properties of Ga(In)NAs. The Chapter 4 entitled 

Results and discussion is the original part of this thesis. In the two first Sections of this chapter 

the author has focused on the issue of post-growth annealing of (Ga,In)(As,Sb,N) layers and its 

influence on optical properties. It has been shown that the annealing process improves the optical 

properties of (Ga,In)(As,Sb,N) layers and shifts to blue the band gap energy. In order to explain 

the improvement of optical properties and the origin of the band gap blueshift a simple band gap 

diagram has been proposed. Within assumed band gap diagram the character of PL bands has 

been explained and the origin of the blueshift has been attributed to the two phenomena: (i) the 

reduction of the taił of density of States and (ii) the change in nitrogen nearest-neighbour 

environment. In the Section 4.3 energy level structure of GalnNAs/GaAs ąuantum wells (QWs) 

has been analysed. The number of confmed States for the electron and hole wells has been 

determined, and electron effective mass and the conduction band offset for this system have been 

determined. In addition, the influence of step-like barrier on energy level structure has been 

considered. In t he S ection 4.4 t he i ssue o f t he post-growth a nnealing o f G alnNAs/GaAs Q W 

structures has been investigated. In this case it has been shown that the main origin of the 

blueshift of QW transitions is the change in the nitrogen nearest-neighbour environment, while 

the effect associated with the atom interdiffusion across QW interfaces is very smali in 

comparison to InGaAsP/InP systems. Moreover, an unusual phenomenon associated with 

decrease in PR signal with the temperaturę decrease has been observed for investigated samples. 

This phenomenon has been connected with the effect of carrier localisation at Iow temperatures 

and has been explained in the last section.
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1 . Introduction

Semiconductor lasers operating at 1.3 and 1.55 pm wavelength are very important light 

sources in optical Communications sińce the quartz fibrę used as a transport media of light has 

dispersion and attenuation minima, respectively, at these wavelengths see Fig. 1.1 [1], These 

long-wavelength lasers have been traditionally fabricated on InP substrates using InGaAsP bulk 

layers and ąuantum wells (QW) as an active materiał. However, this materiał system has 

relatively poor high-temperature characteristics and the power output is limited due to the poor 

electron confinement in the QWs. Therefore, there has been considerable effort for many years 

to fabricate long-wavełength laser structures on other substrates, especially on GaAs. The 

manufacturing cost of GaAs-based components is lower and the processing techniąues are well 

developed.

Figurę 1.1. Fiber loss vs. wavelength of a silica based fiber with the transmission Windows at 1.3 and 1.5 um [1],

GaAs is already successfully used in 850 nm vertically cavity surface-emitting lasers 

(VCSELs) which have become common in short-range optical Communications. The incredible 

growth of the internet and data transmission has pushed the bit-rate reąuirements for local area 

networks (LANs) and metro area networks (MANs) from 100 Mbps to 10 Gbps. Therefore, there 

is a great demand for low-cost, 1.3 or 1.55 pm YCSELs that will operate uncooled under 
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ambient conditions. The reąuirement for such longer wavelength lasers is illustrated in Fig. 1.2 

[2], For 850 nm VCSELs at 100 Mbps, the transmission distance is 7-8 km, while at 10 Gbps, 

the transmission distance is only about 50 m, not even useful for a smali, intra-building LAN. 

While InGaAsP/InP-based Bragg grating and distributed feedback (DFB) lasers have been the 

sources for long-haul, 1.55 pm optical fibrę backbone networks for the past three decades, their 

cost is simply far too high to meet the demands of tens of million lasers that might be utilized in 

each MAN and LAN in modem datacom network architecture. There has been intense effort to 

realize such Iow cost, long wavelength VCSELs over the past decade, however, the physical 

properties of the previously utilized semiconductor systems madę this nearly impossible. 

Therefore, in order to realize Iow cost and high efficient VCSELs lasers emitting at 1.3 or 1.55 

pm a new materiał concept is necessary.

Figurę 1.2. Transmission distance versus laser modulation freąuency for a variety of optical-fibre/laser-diode 

sources utilized in optical networks [2],

Different III-V alloys are shown in Fig. 1.3. Semiconductor lasers operating in 1.3-1.6 pm 

region reąuire materials with band gaps between 0.95 and 0.78 eV. Moreover, one of the 

reąuirements for alloy semiconductor is that they must be reasonably close lattice matched to 

readily available binary substrate (GaAs, InP or GaSb). For many years it was believed that there 

was no suitable alloy lattice matched to GaAs that would emit at >1.1 pm, so InGaAsP on InP 

was the only materials system that meet the perceived criteria. Therefore, almost all the long- 

wavelength communication lasers presently in use are fabricated from this system. While 

InGaAsP met the needs of edge-emitting lasers, it is almost impossible to meet the reąuirements 
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for growth of distributed Bragg reflector (DBR) quarter-wave VCSEL mirrors, particularly at 1.3 

pm. This is because the refractive index contrast of InP/InGaAsP is insufficient, and both 

thermal and electrical conductivities are to Iow to realize the reąuired combination of high 

reflectivity and Iow thermal and electrical resistance. Thermal issues are particularly a problem 

for InGaAsP-based VCSELs because of their Iow To, which results from the relatively smali 

conduction band offset InGaAsP and InP: AEC = 0A-AEg. This allows electrons to escape from 

the ąuantum well when they have enough thermal energy. Because of the thermal performance 

and limited gain of the active regions in VCSELs, it is of utmost importance to minimize the 

DBR electrical and thermal resistance, as well as avoid free carrier absorption from high doping. 

These almost impossibly conflicting reąuirements have pushed the investigation of altemative 

approaches for long-wavelength lasers.

Figurę 1.3. Lattice constant and band gap energy of III-V semiconductors. The vertical grey areas illustrate

application area of GaAs and InP substrates.

A lot of work is concentrating on structures grown on GaAs substrate [3], One approach 

to achieve 1.3 pm emission on GaAs is to use self-assembled In(Ga)As ąuantum dots (QDs) in 

the active region [4]. The QDs are three-dimensional self-organized In(Ga)As islands formed on 

GaAs when a critical thickness for island formation is extended. Although QW lasers have been 

predicted to have better characteristics than QW lasers, such as lower threshold current density 

and negligible temperaturę dependency, the commercial breakthrough has not yet occurred. 

Another approach was introduced in 1996 by Kondow et al. [5] who proposed a novel 
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quatemary materiał GalnNAs, which could be grown lattice matched on GaAs and used to 

fabricate 1 ong-wavelength 1 asers w ith b etter t emperature c haracteristic c ompared t o InP-based 

lasers. Ga(In)NAs is unusual candidate for smali band gap semiconductor. Contrary to generał 

rules of III-V alloy semiconductors where a smaller lattice constant increases the band gap, the 

electronegativity of N and its smali covalent radius cause a very strong negative bowing 

parameter a nd t he a ddition o f N t o G aAs o r G alnAs d ramatically d ecreases t he b and g ap, a s 

shown in Fig. 1.3. The large band gap bowing with nitrogen incorporation has been observed for 

the first time for the temary alloy GaNAs by Weyers et al. [6] back in 1992. The study of these 

and other III-V-N alloys has been increasing ever sińce. The development of a GalnNAs/GaAs 

VCEL operating at 1.3 pm wavelength has been rapid, and the first commercial products of 

Infmion have appeared in 2004 year. GalnNAs can also be used to improve the characteristics of 

multijunction solar cells [7] and heterojunction bipolar transistors [8], The aim of this thesis is 

the application of photoreflectance and photoluminescence spectroscopies to investigate the 

optical properties of III-V-N alloys and their Iow dimensional structures grown on GaAs 

substrate.

11
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2 Experimental techniąues and samples

In this chapter experimental techniąues applied to investigate the optical properties of III- 

V-N semiconductor alloys and their Iow dimensional structures are presented. The author has 

introduced Sections devoted principles of PR spectroscopy and methods of the analysis of PR 

spectra. In t he c ase o f P L t echniąue, w hich i s m ore p opular, t he a uthor presents o nly a b rief 

description of this method. Moreover, the experimental setup for PR and PL measurements are 

described.

2.1 Photoreflectance

Photoreflectance spectroscopy is one of the classes of modulation spectroscopy (MS). 

Each class of optical MS utilizes a generał principle of experimental physics, in which a 

periodically applied perturbation either to probe or the sample leads to derivate-like features in 

the o ptical response o f t he s ample. T herefore, t he o bjective o f m odulation s pectroscopy i s t o 

change some parameter of the sample (intemal modulation) or of the measuring system (extemal 

modulation) so as to produce a change in the optical reflectance or transmittance spectrum of the 

sample. In either case the changes are usually smali so the difference spectra are closely related 

to the derivate of the absolute spectrum with respect to the modified parameters. The derivate 

naturę of modulation spectroscopy emphasizes features localized in the photon energy region of 

interband transitions of semiconductor structures and suppresses uninteresting background 

effects. Also weak features that may not have been detected in the absolute spectra are often 

enhanced and a large number of sharp spectral features can be observed even at room 

temperaturę [9-12]. Mentioned advantages of MS spectroscopy are illustrated qualitatively in 

Fig.2.1, which compares three types of spectra obtained at room temperaturę (RT) for a typical 

GalnNAs/GaAs single ąuantum well (SQW).
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Figurę 2.1. Comparison of room temperaturę reflectance (a), photoreflectance (b) and photoluminescence spectra (c) 

of a GalnNAs/GaAs single quantum well structure.

While the reflectance spectrum (R) is characterized by broad features, the photoreflectance (PR) 

spectrum is dominated by a series of very sharp lines with zero signal as a baseline. In PR 

spectrum we observe transitions related to absorption in both the GalnNAs/GaAs QW and GaAs 

barriers. In the case of QW, both the ground (11H) and excited State transitions are observed. In 

contrast, p hotoluminescence (PL) p robes o nly t he g round s tatę t ransition. C ombination o f PR 

(absorption-type experiment) and PL (emission-type experiment) is a powerful tool to investigate 

the naturę of recombination processes.

2.1.1 Principles of electromodulation in electro- andphoto-reflectance spectroscopy

The condition to obtain electro- or photo-reflectance spectra is the existence of a built-in 

electric field in the structure being under investigation [8-12]. This condition is usually fulfilled 

in majority structures, because every good ąuality structure posses a surface electric field. In 

electroreflectance, an applied electric field is modulated so as to produce a periodic variation in 

the dielectric function. The electric field can be applied to the sample in a variety ways. By 

electric contacts or without such contacts. In the last modę, ‘so called’ contactless

~ electrorefletance (CER), sample is put in a light transparent capacitor. The other modę of ER
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which is also contactless techniąue is the PR. In the case of PR, the modulation of the electric 

field i n t he s ample i s c aused b y p hotoexcited e lectron-hole p airs c reated b y t he p ump s ource 

(usually laser) which is chopped with a given freąuency. The photon energy of the pump source 

is generally above band-gap of the semiconductor being under study. There is a possibility to use 

a below band-gap modulation through the excitation of impurity or surface States [13], The 

mechanism of the photo-induced modulation of the built-in electric field FDc is explained in 

Fig.2.2 for the case of an n-type semiconductor. Because of the pinning of the Fermi energy Ef at 

the surface, there exists a space-charge layer. The occupied surface States contain electrons from 

the bulk (Fig.2.2(a)). Photoexcited electron hole pairs are separated by the built in electric field, 

with the minority carrier (holes in this case) being swept toward the surface. At the surface, the 

holes neutralize the trapped charge, reducing the built-in field from FDc to FDc-FAc, where FAc is 

a change in the built in electric field (Fig.2.2(b)). As it is seen, a built in electric field in the 

sample is necessary for photomodulation of the dielectric function.

Laser on

(b)

CB

VB

....... laser on

Figurę 2.2. Schematic representation of the photoreflectance effect (a), and the photoinduced changes in electronic 

bands at the surface built-in electric field (b), for an n-type semiconductor.

In PR spectroscopy, relative changes in the reflectivity coefficient are measured. The changes we 

can define as
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R - Roff

In the above expression Roff and Ron are the reflectivity coefficients, when the pump beam (laser) 

is ‘off and ‘on’, respectively. These normalized changes can be related to the perturbation of the 

dielectric function (s = ex + is2 ) expressed as [9, 10]

= ćz(ą,^2)Aą+^i^2)Af2, (2)
K

where a and /3 are the Seraphin coefficients, related to the dielectric function, and A^ and 

Af, are related by Kramers-Kronig relations.

The linę shapes of the PR response can be discussed in terms of electromodulation 

mechanisms. Electromodulation can be classified into three categories depending on the relative 

strengths of characteriStic energies [9-14]. In the low-field regime |/żQ| <r, where 7żQ is the 

electro-optic energy given by Eq.(3)

(3) 
2a

In above equation, F is the electric field; // is the reduced interband mass in the direction of the 

field. In the intermediate-field case, when > r and qFaQ«E^ (ao is the lattice constant), the 

Franz-Keldysh oscillations (FKO) appear in the spectrum. In the high-field regime the electro- 

optic energy is much greater than the broadening but ąFa^-E^ so that Stark shifts are produced. 

Recently, Pollak [10] and Glembocki and Shanabrook [11] provided a most detailed theoretical 

background of the electro- and photo-reflectance techniques.

2.1.2 Methods of the analysis of PR spectra

Electro- and photo-reflectance spectra of simple, lightly-doped systems, measured under 

Iow field conditions, can often be modelling using Aspnes third derivate functional form (TDFF) 

[14], so-called Lorentzian linę shape Eq.(4)
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^ = Re[ce'’(£-£,+iT)-"], (4)

where Eg is the critical point (CP) energy, F is the broadening parameter (P-A/r), A and 0 are 

the amplitudę and the phase factor, respectively. The term m refers to the type of CPs, i.e. the 

naturę of optical transitions, namely: m =2, 2.5 and 3 for an excitonic transition, a three- 

dimensional one-electron transition and a two-dimensional one-electron transition, respectively. 

This formula is appropriate at Iow temperatures for a high quality structures. At room 

temperatures the Lorentzian dielectric function is inappropriate and Eq.(4) must be replaced by 

morę generał formula Eq.(5) [15]

AS_ [Ce"[G(Z)+>F(z)]]
R [ E‘ ]’ (5)

where G(z) and F(z) are the electro-optic functions and broadening is included via the

E -£, + z.r
normalized energy z = 0 -----------. The Eq.(5) becomes complex for the Gaussian-like form

h0

of the dielectric function. Such form of Eq.(5) is called as the first derivate Gaussian linę shape 

(FDGL), and this form is the most appropriate at room temperaturę and/or for a sample with high 

inhomogeneities. Notice that in the some rangę of temperaturę the linę shape is an intermediate 

form between Lorentzian and Gaussian linę shape [10, 11].

An altemative method for determining of Eg, V and C (but not 0) has been developed 

based on a Kramers-Kronig transformation of the PR (or ER) spectrum [16-18], In this case, the 

complex PR function is defmed as below:

A?(£) = Ap„(£)+lAp,(£) = LplEY*'1', (5)

where the measured value of the ER or PR signal is equal to

(E) = ^pR (E) = \p(E) • cos ©(£). (6)
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After mathematical considerations similar to that carried out for other optical constants 

functions, the Kramers-Kronig relation for the complex PR function Eq.(5) can be written:

1 ” „ 2re°~e2 (7)

where Pj means the principal value of the integral and (Ea, Eb) is the energy rangę in which 

AT?— is measured. The values of Ea and Eb should be chosen in a way that 
R

— (Ea) = (Eh) = 0 having all the oscillations interesting for us inside this rangę. Knowing
R R

the values of Ep, the modulus Ep can be determined by means of the simple formula: 

&p(e) = (8)

which can be treated as the modulus of PR resonance.

In the framework of standard fitting procedurę, e.g. Eq.(4), the modulus of PR resonance is 

defined by Eq.(9)

(£-E0)2-r2p

In order to plot the modulus C, Eo, 0, and T parameters have to be determined by using the 

fitting procedurę. The advantage of the Kramers-Kronig analysis (KKA) is to avoid the fitting 

procedurę. Such approach is very useful if the line-shape of PR data changes between 

Lorentzian- and Gaussian-like. Notice that the integrated modulus of PR resonance is interpreted 

as the oscillator strength of the optical transition while Eo and T are the transition energy and 

the transition broadening, respectively. The broadening is related to the sample quality and is 

temperaturę dependent parameter. A comparison of the analysis of PR data using standard fitting 

procedurę and KKA is shown in Fig.2.3.
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energy (eV)

Figurę 2.3. Photoreflectance spectrum (open points) of GalnNAs/GaAs SQW (the same as in Fig.2.1) in the vicinity 

of ground State transition, and its analysis by standard fitting procedurę (a) and the Kramers-Kronig analysis (b). 

Notę the same dependencies of modulus of AR/R determined by the two approaches.

The panel (a) of Fig.2.3 shows experimental data (open points) which are fitted by Eq.(4) with 

m = 3 (dashed linę), together with the modulus of the resonance Eq.(9) (solid linę). The panel 

(b) of Fig.2.3 shows the same experimental data (open points) with the modulus of PR resonance 

obtained using KKA Eq.(8) (solid linę). The dashed linę in Fig.2.3(b) shows the obtained 

from the Eq.(7). As it is seen in Fig.2.3 the same transition energies, broadenings F, and 

intensities have been obtained using the two different approaches.

2.2 Photoluminescence

PL spectroscopy is a widely-used, non-destructive characterization method which gives 

information about energy States and different radiative recombination channels in 

semiconductors. The photons from the excitation beam are absorbed by the sample and electron- 

hole pairs are created. The carriers thermalize quickly to the band edge though phonon emission, 

diffuse in the structure and recombine radiatively or non-radiatively. A typical PL spectrum is 
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composed of several types of transitions. Common radiative transitions are a band-to-band 

transition, a transition from the conduction band to an acceptor State (from the donor state to the 

valence band), a donor-acceptor pair transition, and bound- and free-exciton transitions.

Measurements as a function of temperaturę and excitation laser power are two freąuently 

used methods for Identification of the different transitions. From temperature-resolved PL 

measurements the thermal activation energies of the transitions can be extracted and thus 

Information about energy States can be gained. The temperaturę dependence of the integrated PL 

intensity can be formulated as

where c, is a temperature-dependent parameter for each transition mechanism Z, Ej is the 

corresponding thermal activation energy and Io is the intensity at T=0 K [19].

From PL measurement as a function of excitation laser power a shift of PL band can be 

detected. Usually, the presence of the shift is typical of defect-related recombination and the 

absence of the shift is typical of recombination between extended States [19].

In the case of QW structures the emission peak related to the ground state transition in the 

QW is a superposition of excitonic and free carrier recombinations [20], Excitonic recombination 

is described using a Gaussian line-shape multiplied by the Bolzmann distribution:

= Ax -exp • exp (H)
^B^ y

where Ax, Ex, and ax denote the amplitudę, energy and broadening parameter of the heavy-hole 

exciton peak, respectively. The free carrier recombination terms include a broadened step-like 

two-dimensionał density of States, multiplied by the free carrier statistical distribution in 

Bolzmann approximation and the two-dimensional Sommerfield factor:

Ic(haS) = Ac Z
1 + exp

ha> - Ec
1 + exp - 2^- •

ha>
(12)
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Here Ac, Ec, and are the amplitudę, energy and broadening parameter of the free carrier 

recombination, respectively.

The distribution of partial contributions of the two recombination channels depends on 

the temperaturę. The excitonic recombination is dominant at Iow temperatures while the band-to- 

band recombination is dominant at room temperaturę [20-23],

Moreover, the character of the recombination process in QW structures can be concluded 

from Eq.(13)

(13)

where Ipl is the integrated intensity, Pex is excitation power, /3 and a are fitting parameters. The 

exponent a has the following values: a = 1 for excitonic recombination (whether radiative or 

non-radiative recombination dominates); a = 2 for free carrier recombination (assuming that 

non-radiative recombination dominates); 1 < a < 2 for the intermediate case where both free 

exciton and free carrier recombinations take place [24].

2.3 Experimental setups

A schematic diagram of the photoreflectance apparatus used in this thesis is shown in 

Fig.2.4. The probe light is a monochromatic beam obtained from a quartz halogen lamp 

dispersed through a monochromator. This beam of intensity is focused on the sample. The 

laser (pumping) beam illuminates the same spot of the sample. The laser beam is chopped with 

frequency of a few hundreds Hz. The photon energy of the pump source should be generally 

above the band gap of the semiconductor being investigated. Lasers with different wavelengths 

are used as typical pump sources. The intensity of the laser light can be adjusted by a variable, 

neutral density filter. The light reflected from the sample is detected by a photodiode or a 

photomultiplier. In order to prevent the detection of laser light, an appropriate longpass glass 

filter is used in front of the photodetector. The signal separator, connected to the detector, 

separates the signal into two components. The DC component is proportional to IqR, and AC 

component is proportional to loAR. The AC component is measured with a lock-in amplifier. A 
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Computer divides the AC signal by the DC component giving the photoreflectance spectrum,
ad

(£■), where E is the photon energy of the incident beam.

Figurę 2.4. A scheme of apparatus for photoreflectance measurements.

In the case of photoreflectance, it is important for the apparatus to have good filtering of the 

stray laser light, because it has the same freąuency (chopped) as the signal of interest and can 

easily be detected. The scattered pump light can be reduced by means of an appropriate longpass 

filter in front of the detector. Furthermore, the laser illumination can produce a band gap 

photoluminescence, which under certain conditions is morę in intense than the signal of interest 

it can be eliminated by using long-focal-length optics. In one of PR setups used to measurements 

a double detector system is used for photoluminescence background and residual stray light 

compensation [25, 26],

PL setup used in this thesis is presented in Fig. 2.5. The laser light from a laser was 

guided with mirrors through a chopper and focused (or not focused) onto a sample The 

photoluminescence emitted from the sample was focused by lenses to the input slit of the 

monochromator and dispersed with a grating of the monochromator and detected by photodiode 

or photomultiplier.
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> mirror

lock-in amplifier
reference frequency ---------------------------

lens filter
monochromator

Figurę 2.5. A scheme of apparatus for photoluminescence measurements.

Ali measurements presented in this thesis were preformed on two setups. One based on a double 

grating GDM 1000 monochromator and second based on a single grating Yobin-Yvon TRIAX 

550 monochromator. The first setup is dedicated only for PR measurements, but possesses high 
A

— <10“6). The second setup has possibility to measure both PR and PL, 
7? J

therefore, most of measurements were preformed on this setup. For Iow temperaturę PR and PL 

measurements samples were attached to a cold finger of a closed-cycle helium cryostat, as in 

Fig.2.5. The cryostat can be cooled down to 9 K and heated up to 320 K. Different laser lines 

obtained from a He-Ne laser, semiconductor lasers, Ar-ion lasers were used as the pump beam in 

PR and excitation beam in PL. A thermoelectrically cooled GalnAs photodiode or a germanium 

photodiode cooled with liquid nitrogen were used to detect the light intensity at selected 

wavelength. PL and PR signals were detected in the ‘so-called’ Lock-in technique by using 

SR830 or SR510 Stanford Lock-in amplifiers.
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2.4 Samples

Both molecular beam epitaxy (MBE) and metal-organic vapour-phase epitaxy (MOVPE) 

grown samples were used in this study. MBE samples were grown at the Wurzburg University 

(WU) in Germany, at the Laboratoire de Photoniąue et de Nanostrućtures (LPN) CNRS in 

France, at the Stanford University (SU) in USA, and at the Tampere University of Technology 

(TUT) in Finland. MOVPE samples were grown at the Royal Institute of Technology (KTH) in 

Sweden and at INTEC University Gent (UG) in Belgium. Morę details about MOVPE and MBE 

machines and growth process can be found elsewhere [27-31], A description of samples used for 

this thesis (i.e. the content of GalnNAs layers, the width of QWs ect.) is introduced in 

subsections which report results obtained for appropriate samples.

23



Photoreflectance and photoluminescence investigations of nitrogen diluted III-V alloys and ...

3. Fundamentals of Ga(In)NAs

So far, it has been possible to grown Ga(In)NAs on GaAs substrate with the content of a 

few percent of N atoms [2], However, the basie parameters, like conduction band and valence 

band energies, Ga(In)NAs/GaAs band offsets, or effective masses are not well known and the 

results of different research groups are inconsistent [2], This is due to the difficult growth 

conditions and the very exceptional physical properties of the alloy. The first step in 

understanding physical properties of Iow dimensional semiconductor structures and advanced 

devices, e.g. laser structures, is to determine the band structure of bulk materials. An intensive 

progress in this field was possible due to the applications of the optical modulation spectroscopy, 

i.e. photo- or electro-reflectance [32-65], The aim of this thesis is the application of PR 

spectroscopy to investigate III-V-N semiconductor alloys and their Iow dimensional structures. 

Therefore, a brief ‘state of the art’ of the photomodulation spectroscopy preformed on 

Ga(In)NAs semiconductors is presented in this section. PL spectroscopy is the second 

experimental techniąue used for this thesis. This techniąue is treated as a complementary 

experiment t o P R o ne, t herefore, o nly a b rief s ummary for P L p roperties i s p resented i n t his 

chapter. Moreover, the author has introduced theoretical approaches, which have been proposed 

to describe the band structure of III-V-N semiconductors.

3.1 Anomalousproperties of III-V-Ncompounds

In a typical isovalent ABxCi-x alloy semiconductor, the properties of ABxCi.x change 

gradually from the properties of the materiał AC to the properties of the materiał AB as the 

composition x is inereases from 0 to 1. Most of the materiał parameters change linearly w ith 

composition. The linear behavior of lattice constant is known as the Vegard’s law. The band gap 

energy usually exhibits nonlinear bowing (see Fig. 1.3 in Chapter 1), and the change in the band 

gap energy is expressed as

Eg,abcCO = x'^g.AB + ~z)'Eg AC -b-x-(l — xf (13)

where b is a bowing coefficient. The value of c is usually less than 2 eV and it is composition- 

independent. I n c ontrast, alloying GaAs with nitrogen leads to a g iant band g ap bowing w ith 
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increasing nitrogen mole fraction, see in Fig.3.1 [66]. Similar effects have been observed for 

other III-V-N semiconductor alloy with a few percent of nitrogen mole fraction [66].

N fraction x

Figurę 3.1. Energy of the fundamental band gap transition in GaAsN as a function of nitrogen fraction x (a) from 

BAC model (solid curve), (b) using the variable bowing parameter (dashed curve), and (c) using a constant bowing 

parameter (dotted curve). For comparison, the available experimental data is also ploted (circles) [66].

The anomalous properties of GaAsN arise from the large size difference between the N 

and As atoms. The covalent radii of N is 0.068 nm compared to that of 0.121 nm for As. The 

large electronegativity (Pauling scalę) of N (3.04) compared to Ga (1.81) and As (2.18) makes 

the Ga-N bond morę polar that the Ga-As bond and favours the electron localisation around the 

N atom. The large difference between the As and N atoms creates anomalous electrical and 

optical properties. However, the lattice constant and elastic properties have a linear behaviour 

with increasing substitutional N content of GaAsN [67], This enables the determination ofN 

composition with a conventional x-ray diffraction method.

The other anomalous properties of III-V-N alloys which are usually attributed to the 

presence of the few percent of N atoms are an increase in the electron effective mass [68], a 

strong carrier localisation at Iow temperatures [69-71], a strong linę width broadening of all 

optical transitions [45], and a blueshift of band gap energy after annealing at no-change in the 

compound composition [72-75]. All these properties are investigated in this thesis.
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3.2 Photo- and electro-reflectance of Ga(In)NAs layers and ąuantum wells

Ga(In)NAs compounds have been investigated using modulation spectroscopy at the first 

time in the end of the nineties [31-38], Significant progress in describing the effect of N on the 

electronic structure of III-V-N alloys has been madę due to investigations of the pressure 

dependent PR spectra of GalnNAs alloys [32], Shan et a 1. [32] have investigated (0.5-5 pm) 

thick GalnNAs layers grown by MOVPE. In this paper the authors have observed an extra 

feature (E+) on a higher energy side in the PR features related to the fundamental band gap 

transition (E. transition) and the transition from the top of the spin-orbit split-off valence band to 

the bottom of the conduction band (E.+Ao), see in Fig.3.2.

Figurę 3.2. PR spectra of Ga1.xInxNyAsi.y samples: (top) Gao.92Ino.osAs (y = 0), the Eo and Eo+Ao transitions are 

observed; (middle) Ga0.95In0.05N0.012As0.9ss, the E. and E.+Ao transitions shift to lower energy, and a new feature E+ 

appears; (bottom) Ga0.92In0.0sN0.023As0.977 (this sample has the same In content as the top sample), the addition of 

morę N pushes the E. and E.+Ao to lower energy and E+ to higher energy. The arrows indicate the transition energy 

positions [32],
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While the E. and E.+Aq transitions shift to lower energy with the increasing In and N 

concentrations, the E+ transition moves in the opposite direction. This demonstrates that the 

splitting between E. and E+ increases with N content. In order to explain the experimental data 

and their pressure dependencies Shan et al. has proposed a simple band anticrossing (BAC) 

model, which is presented briefly in next part of this section. Very similar experimental results 

were simultaneously obtained by Perkins et al.[33]. These researchers were measured ER spectra 

for a senes of GaNxAsi.x (1-7 pm) thick layers with x<0.03 as well as two ąuatemary 

Gao.95In0.05N0.013Aso.987 and Ga0.92hi0.08N0.022As0.978 layers. The authors have observed the 

fundamental band gap transitions (Eo), the transition from the spin-orbit split-off valence band 

(Eo+Ao) and an additional transition (denoted E+) for x>0.008 (see ER spectra in Fig.3.3).

Figurę 3.3. Electroreflectance spectra for a 2 pm thick GaAs0.97sN0.022 film on a GaAs substrate. The band gap 

transitions (Eo) at 1.19 eV as well as the transition from the spin-orbit spin-off valence band (Eo+Ao) at 1.52 eV are 

easily seen. An additional weak feature (E+) at 1.83 eV is morę clearly seen in the second spectra shown at 10x and 

offset for clarity. The fitted linę shape for the Eo+Ao and E+ transitions are shown with dashed lines and offset for 

clarity [33],

It is seen in Fig.3.4, that Eo decreases monotonically with increasing nitrogen content and the 

Eo+Ao transition shifts with the band gap energy at constant offset of ~0.3 eV. Unlike Eo and 

Eo+Ao, E + feature i ncreases w ith i ncreasing n itrogen content. T he 1 ack o f i nteraction b etween 
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Eo+Ao and E+ indicates that E+ transition corresponds to an electronic transition between the 

valence band maximum and a level above conduction band minimum [33].

Phoion Energy (eV )

Figurę 3.4. Electroreflectance spectra for GaAsi.xNx [(a)-(h)] and GalnAsN [(i) and (k)]. Notę the different scalę 

used for each panel as well as the expanded scalę within each panels used to morę clarity display the above band gap 

transitions. For the GaAsi.xNx samples, the nitrogen content ranges from x = 0 (a) to x = 0.028 (h). For the GalnAsN 

samples, the compositions are Gao.95Ino.o5Aso.937No.o13 (i) and Gao.92Ino.osAso.978No.022 0) [33].

Optical transitions above E+ transition were investigated by using modulation 

spectroscopy by Perkins et al. in [38]. Fig.3.5 shows ER spectra for GaAs and GaN0.01As0.99 

layer obtained by the authors. Besides Eq, Eo+Aq, and E+ transitions, a PR feature related to E++A 
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transition is observed in this figurę. The two remaining resonances, Ei and E1+A1 which includes 

the VB splitting A], correspond to A-line related transitions occurring along the k-space (111) 

direction near to and incłuding the zone-edge L-point. The Ei and E1+A1 transitions in GaNAs 

are not sensitive to N mole fraction and strongly broadened compared to GaAs. The weak feature 

labeled by * seems to be nitrogen-induced transitions because it evidently appear after 

incorporation of nitrogen [38]. Perkins et al. have assumed that the E* transition originates from 

the VB L-point where there is a large density of States due to the fiat VB dispersion.

Figurę 3.5.. Electroreflectance spectra for a GaAs film at T=300 K (panel a) as well as for a GaAs0.99N0.01 film at 

T=300 K (panel b) and T=90 K (panel c). In panel c, the dashed or dotted lines show the fitted linę shape with the 

solid circles (•) showing the fit determined critical point [38].

Ali the experimental results demonstrate that incorporation of N into GaAs or GalnAs 

affects mostly the conduction band and has a negligible effect on the electronic structure of the 

valence band. As it was mentioned earlier, the significant progress in the description of the 
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conduction band was possible due to the measurement of the pressure dependencies of E. and E+ 

transitions in PR spectroscopy. Shan et al.[32] have determined the energy positions of the E. 

and E+ transitions in the Gao.95Inoo5No.012Aso.988 layer as a function of applied hydrostatic 

pressure. A classical anticrossing behavior of the two branches has been observed (see Fig.3.6). 

In order to explain the experimental data Shan et al. have introduced a band anticrossing model 

(BAC), which is presented in a separate subsection ofthis thesis.

Pressure (GPa)

Figurę 3.6. Change of the E. and E+ transition energies in Ga0.95Ino.05N0.012As0.988 as a function of applied pressure. 

The open triangles are PR data and the filled triangles are photomodulated transmission data. The solid lines are 

model calculation results for the band anticrossing. The dashed, dotted, and dot-dashed lines are the pressure 

dependence of the T and X conduction band edges of the Gao.95Ino.o5As matrix and the N level relative to the top of 

the valence band, respectively. The inset shows a PR spectrum taken at 4.5 GPa. The narrow PR spectra feature at 

energy below E+ originates from the GaAs substrate [32].

So far, the E+ transition was also reported in other papers [39-42]. However, the character 

of this transition is still unclear. Especially, that the relative intensity between E. and E+ changes 

from sample to sample. It can indicate that the character of E+ transition changes between direct 

and indirect. Already, Shan at al. [32] have observed that the increase in hydrostatic pressure 

causes a change in the ratio of the PR signals associated with the E. and E+ transitions. Within 
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BAC model such behaviour may suggest that with the increase of the hydrostatic pressure the 

character of the E. branch changes from extended EM-like to localised EN-like and the character 

of the E+ branch from localised-like to extended-like (see Fig.3.6).

The exact naturę of the N-induced perturbation of the electronic band structure and the 

origin of E+ transition is still controversial. Calculations in the framework of an empirical 

pseudopotential method have shown that the band structure of Ga(In)NAs compounds is morę 

complicated [76-80]. The band structure includes two types of electronic States. First, nitrogen 

pairs or other atomie cluster States which are created randomly in the bulk during growth. The 

localized energy States due to nitrogen related clusters are formed around the conduction band 

either in the gap or in the continuum of the band. Second, the perturbed host States represent 

mixing of the T-X-L and other conduction States by the N-induced perturbation. Hence, there is 

expected a coupling and anticrossing of T, X, 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.

Moreover, in the case of GalnNAs compounds, theoretical calculations and experimental 

investigations have shown that the band gap energy in this compound is not well defined. During 

the epitaxial growth of GalnNAs compound the Chemical dynamical processes occurring at the 

surface favour Ga-N bonds instead of In-N ones [81]. The surface State is quasi-frozen during the 

noneąuilibrium growth process; hence, after growth a N atom is surrounded by four Ga atoms. 

However, such atom configurations lead to a crystal structure with ‘smali atom - smali atom’ and 

Targe atom - large atom’ arrangements which is less preferable in terms of strain than ‘smali 

atom - large atom’ environment. Conseąuently, the annealing process leads to formation of 

different nitrogen-nearest neighbour environments i.e. N-centred N-Ga4H11Inm (0 < m < 4) short- 

range-order clusters. The change of N bonds after annealing is one the most interesting features 

of GalnNAs compound. Kim and Zunger have studied theoretically the distribution of bonds 

using Monte Carlo simulation and found that the number ofln-N and Ga-As bonds inereases 

relative to random alloys [78], So far, the Fourier transform infrared (FTIR) absorption confirms 

that Ga-N bonds are most freąuent after growth [82, 83], The formations of In-N bonds after 

annealing have been observed in Raman spectroscopy [84, 85] and infrared transmission [86, 

87]. There is a generał consensus that post-grown annealing inereases the number of In-N bonds 

instead Ga-N ones. The change in N bonds has important conseąuences for the band gap energy. 

With the change in N environment from Ga-rich to In-rich due to annealing a blue shift of band 

gap energy appears. This phenomenon was many times observed in PL spectroscopy. However, 

31



Photoreflectance and photoluminescence investigations of nitrogen diluted III-V alloys and ...

due to the sensitivity of PL to defect State and the probing only the ground State transition the 

fme structure of the band gap energy was not observed in PL spectra. Klar et al. [43] have 

investigated QW structures grown by MOVPE and have shown that the appearance/increase of 

In-N bonds leads to a change in the band gap energy (Eg), and that for the same composition (x 

and y) different band gaps can occur by rearranging of the N environments from Ga-rich to In- 

rich. The particular gaps can be usually probed by modulation spectroscopy.

Most optoelectronic devices adopt QW structures. Hence, the knowledge of the band gap 

energy, the number of confmed electron and hole States, the electron effective mass and the band 

gap alignment is necessary. The GalnNAs/GaAs QW structures have been investigated for the 

first time by PR spectroscopy in 2000 by Sek et al. [45], The authors have observed a red shift of 

QW transitions with the increase in the concentration of N atoms in the GalnNAs/GaAs SQW 

like in bulk-like GalnNAs layers. Since 2001 year a rapid progress in understanding of the 

energy level structure of Ga(In)NAs has been done and a lot of papers devoted PR spectroscopy 

of Ga(In)NAs-based QW structures have appeared [46-65], On the basis of PR data, the band 

gap alignment and/or the electron effective mass have been determinedby Heroux et al. [50] 

Choulis et al. [53], However, the knowledge about the energy level structure in this system is 

still poor and not consistent. Therefore, thesis of this work is to find the number of confmed 

States in Ga(In)NAs-based QW structures, the band gap alignments and electron effective mass 

for Ga(In)NAs-based structures with different composition and thickness of Ga(In)NAs layer.

3.3 Photoluminescence of Ga(In)NAs layers and ąuantum wells

Photoluminescence studies have unambiguously established [39, 88-90] that with 

incorporation of N in GaAs PL spectra transform from a series of sharp lines related to bound 

exciton recombination at the pairs of N atoms (for N compositions x within the doping limit, i.e. 

x<0.003 %), to some broader overlapping emissions (within the transition rangę of x=0.01-(0.2- 

0.7)%), and eventually to a structureless PL band (in the alloy region with higer N 

compositions). The energy positions of the N-related PL features observed within the transition 

region were found [89, 90] to be insensitive to N incorporation (see Fig.3.7). This finding 

suggests the PL origin as being due to excitonic transitions within deep defects tentatively 

attributed to the N-related clusters [39]. With increasing N content the defect-related PL lines 

gradually disappear starting from the ones at the highest energy due to the reduction of the band 

gap energy. They can no longer be detected in the PL spectra when then compositions exceed

32



Photoreflectance and photoluminescence investigations of nitrogen diluted III-V alloys and ...

some critical value (between 0.2% and 0.7% in different experiments). Instead, the broad, 

structureless PL band emerges and exhibits a strong red shift with increasing N content (see 

Fig.3.8). This new PL band is believed to represent a true near-band edge emission of the alloy. 

The emission exhibits the following characteristic properties which allowed the identification of 

PL mechanism as being due to the recombination of the localized excitons (LE) [89, 90], traped 

within band taił States.

Figurę 3.7. Compositional dependence of the PL spectra measured from the GaNAs alloys with Iow N composition 

[89].

(i) Asymmetric lineshape. The near band gap emission in Ga(In)NAs typically exhibits a 

very asymmetric lineshape (Fig.3.7), and has a taił at Iow energies that shift to a higher energy 

with increasing excitation power. The exponential dependence of the Iow energy taił States with 

an expotential density distribution, typical for random fluctuations of alloy composition.

(ii) Large Stokes shift between PL emission and absorption PLE or PR spectra. Since 

absorption spectra are mainly determined by optical transitions between extended States whereas 

the radiative transitions occur within the localized States, a large Stokes shift is typically 

observed in Ga(In)NAs (Fig.3.8) The energy of Stokes shift can be used to characterize the 

fluctuation potential.
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(iii) S-shape thermal depedence of the PL maximum. The depedence of the PL maximum 

position on measurements temperaturę has an apparent S-shape [89, 90] (Fig.3.9). At Iow 

temperatures, a strong redshift of the PL maximum with increasing T is observed and reflects 

thermal depopulation of the localized States which starts from the shallowest localization 

potential. At the elevated temperatures, the apperance of free exciton (FE) recombination (see 

Fig.3.9) causes a blue shift of the PL maximum position.

PHOTON ENERGY (eV)

Figurę 3.8. Typical PL spectra (solid lines) of near-band edge emission in GaNAs alloys measures from the 

GaNAs/GaAS multiple QW structures with two nitrogen compositions. The corresponding PLE spectra are shown 

by the dashed lines and demonstrate a elear red shift of the GaNAs band gap with increasing N content. The spectra 

are offset in the vertical direction, for clarity [89].

Moreover, despite the reasonably good structural properties of Ga(In)NAs, the intensity PL 

decreases rapidly with increasing N composition. This has been attributed to the increasing 

concentration of nonradiative point defects in the materiał [89, 90], Similar behavior of PL band 

has been observed for Ga(In)NAs-based QW structures [90-95].

The N-induced weakness of PL is the main difficulty in obtaining high efficient lasers. 

Thus, a lot of works have been devoted to inerease optical ąuality of this system. Rao et al. [96] 

used large excitation intensity in the PL studies of GaNAs and found that the PL intensity is 

greatly enhanced after laser treatment of thermal annealing. With growth optimization and 
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thermal annealing the optical ąuality of Ga(In)NAs system has developed to be comparable to 

that of conventional GalnAs [97]. Therefore, very important issue for Ga(In)NAs-based 

structures is to find optimal conditions for the growth process and the post-grown treatment, and 

to understand physical mechanisms responsible for changes in the optical properties due to post- 

growth treatment. Therefore, one of the thesis of this work is to investigate the influence of the 

growth conditions and the post-grown annealing on the optical properties the Ga(In)NAs-based 

structures.

Figurę 3.9. Temperaturę dependence of the PL spectra measured from the GaN0.0nAs0.9s9/GaAs multiple QW 

structure. Ali spectra are normalized to their peak intensity and also shifted in vertical direction, for clarity. The 

inset shows the PL maximum position as a function of measured temperaturę [89],

3.4 Theoretical approaches

The mechanism by which the addition of nitrogen changes the band gap in III-V materials 

appears to be fundamentally different from that in other III-V alloy systems such as AlGaAs or 

InGaAs. So far, different approaches such as the band anticrossing model [32], empirical 

pseudopotential supercell method, first principles pseudopotential method [98, 99] and thigh 
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binding method [43] have been applied to studythe anomalous effects seen inIII-V nitrides, 

yielding sometimes conflicting results. Many of the approaches consider a single structural motif 

throughout the alloy volume (isomorphous models). Experimental verifications show a 

significant scatter in results depending on the sample preparation. It indicates that GalnNAs is 

very metastable compound and an isomorphous model can be valid in some cases because morę 

than one structural motif could be important for a sample. In exhaustive theoretical treatment the 

following structural motives should be taken into consideration: (i) different nitrogen nearest- 

neighbour environments, (ii) N-related defect States inside the band gap and above the 

conduction band, and (iii) alloy content fluctuations. Due to the immense complexity of 

GalnNAs system such extended model seems to be very complicated. Therefore, the simplest 

model, which is the BAC model, is very often used to predict the band gap energy or the electron 

effective mass in Ga(In)NAs system.

3.4.1 Band anticrossing model

As was mentioned the band anticrossing model was introduced by Shan et al [32] to 

describe the observed two-level repulsion in the GalnNAs alloy. 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 (see 

Fig.3.10(a)). The interaction between the extended conduction States of the matrix 

semiconductor and the localised nitrogen States is treated as a perturbation which leads to the 

following eigenvalue problem

(10)

where Em are the conduction States of the matrix semiconductor, EN are the localized States, 

related to nitrogen atoms, and VMN is the matrix element describing the interaction between EM 

and En. Solving of the eigenvalue problem gives the following subbands energies

e.=[ h+e« * ■ kT- r+. (u)
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Vmn and EN have to be extracted experimentally. Lindsay and O’Reilly [100] have found that for 

nitrogen diluted GaAs the Vmn element varies with the nitrogen content as VMN = CMN , where 

Cmn is a constant and x is the nitrogen content. The authors have also obtained that EM and En 

vary with the nitrogen content according to EN = E°N - y -x and EM = Eo -a ■ x, respectively, 

where E°N = 1.675 eV, y = 2.52 eV, a = 1.55 eV, and Eo is the energy of Ga(In)NAs compound in 

the absence of nitrogen atoms. In this way, the new bands, E. and E+, can be expressed as

^w=|h+ W± (12)

where CMN is a constant describing the strength of the anticrossing interaction and x is the N 

composition. This constant has been determines to be 2.7 eV for GaNAs [32]. In thecase of 

GalnNAs alloys, it is expected that this constant decreases with the increase in the concentration 

of In atoms. The BAC model also gives a simple analytic expression for the electron effective 

mass. Using Eq.(12) the effective mass is derived as [68, 101]

1
m*

1 BEM 1

dk „ 2m„ KeJoEEJ +4CL (13)

where mM is the electron effective mass in the host crystal. Equation (13) can be simplified to

the form

* 
m MN

(E„-Ey) (14)

Figurę 3.10(b) shows the electron effective mass of GaNxAsi.x calculated with Eq.(14). The 

model predicts that the effective mass will increase rapidly to about 0.1 m0 when x=0.01 and 

then saturates to the value of about 0.11 mo with larger x. It is not obvious that the prediction for 

the effective mass is correct, even if the prediction for the band gap is very good. Despite the 

oversimplified physical picture, the model has been shown to describe the materiał properties of 

Ga(In)NAs very well. The advantage of the BAC model is that it provides simple analytical

37



Photoreflectance and photoluminescence investigations of nitrogen diluted III-V alloys and ...

expression for the conduction band dispersion and for the electron effective mass as a function of 

N composition x.

Figurę 3.10. Schematic illustration of BAC model for Ga(In)NAs compounds (a). Electron effective mass in 

GaNxAsi.x calculated with band anticrossing model (b).

3.4.2 Empiricalpseudopotential approach to nitrogen diluted III-V

In the framework the empirical pseudopotential method (EPM) in such alloy Systems as 

GaAs:N the ‘cluster States’ (CS) appear within the fundamental band gap, as a progression of 

narrow energy levels associated with single impurities, impurity pairs, triplets, ect., whereas the 

‘perturbed host States’ (PHS) appear as sharp resonances (‘virtual bound States’) within the 

continua. Such alloy systems lack ‘majority representation’ wave vectors, as Bloch symmetry is 

lost [77], Since such strong perturbing impurities introduce fundamentally new levels (rather 

than modified host levels), the alloy properties do not manifest a gradual and smooth evolution 

with composition. Figurę 3.11 depicts the spectral dependence of average nitrogen localisation 

for nitrogen-localised CS and ąuasilocalised PHS of GaAsN for a few nitrogen concentrations 

obtained by Kent and Zunger [77]. The authors concluded, that EPM calculations lead to 

following physical picture for the evolution of alloys States in III-V nitrides: The alloys are 

distinguished from other isovalent hierarchical distribution of different CS inside the band gap 
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and PHS, resulting from strong multiband (T -L -X) coupling in the continuum of conduction 

States. As the alloy composition increases, the energies of the highly localised CS stay fixed, but 

the PHS move down in energy CS one by one into the conduction band. This leads, at xc, to an 

amalgamation of States at the band edge composed of localised low-energy States developed 

from the CS, and delocalised States developed from the PHS. The localised-delocalised duality of 

the band edge is responsible for the poor PL of this system.

Energy Relatiwe to Bulk Ga As CBM (eV)
Figurę 3.11. Spectral depedence of average nitrogen localisation for (left) nitrogen-localised ‘cluster States’ and 

(right) quasi-localised ‘perturbed host States’ of GaNAs for a few nitrogen concentrations. States with at least 20% 

of total change within 4.1 A radius of any nitrogen atom are classified as nitrogen localised. The verdical arrows 

show t he p osition o f t he a lloy c onduction b and e dge E CBE. F or t he d ilute 1 imit we sh ow t he e nergies o f s everal 

illustrative cluster States: a ąuadruplet (N4), triplet (AsN3), 4th neighbour pair (4th NN), and the isolated impurity 

level (N) [77],
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The main difference between the BAC model and the EPM is the origin of the E+ band. 

In the BAC model the E+ band is formed due to the anticrossing of the GaAs conduction band 

and the localised N State, while in EPM the E. and E+ bands originate from mixing of (r), 

and a}(x) States with a negligible contribution of the N State. 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 generał, the ‘effective’ nitrogen level may not correspond to a real 

State. However in order to fmd the band gap energy of GalnNAs compound the BAC model is 

rather sufficient. The best advantage of the BAC model is its simplicity and quite good 

agreement with experimental data. Therefore, many authors use the BAC model as the sufficient 

theoretical approach.
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4. Results and discussion

Results obtained in this thesis are shown and discussed in this chapter. They are presented 

in six sections focused on the individual sets of samples. In the First section the issue of the post- 

growth annealing of bulk-like III-V-N layers is discussed. The second section is devoted the 

energy level structure of GalnNAs/GaAs SQWs. In next two sections, Section 4.3 and Section 

4.4, the influence of step-like barrier and Sb atoms on the QW energy level structures and the 

optical ąuality of the QWs is analysed. The issue of post-growth annealing of GalnNAs/GaAs 

QW structures is investigated in Section 4.5. In the last section the phenomenon of the carrier 

localisation at Iow temperaturę is discussed in the context of its influence on the mechanism of 

band bending photomodulation in photoreflectance spectroscopy.

4.1 Post-growth annealing of N containing III-Vlayers

The N-containing structures are usually annealed in order to reduce N-related defects. It 

significantly increases the efficiency of PL but it simultaneously shifts band gap energy to blue 

[47, 96, 102, 103]. The origin of the blueshift is still controversial. In the case of GalnNAs 

compounds it is rather established that the increase in band gap energy after annealing is due to 

the change in nitrogen nearest-neighbour environment from Ga-rich to In-rich [43, 44, 63]. 

However, it is not excluded that other phenomena affect the band gap energy. Especially, that a 

blueshift of the band gap energy has been observed for post-grown annealed GaNAs compounds 

[104, 105]. In this case, the absence of indium atoms supports the other phenomena. Another 

phenomenon which could be responsible for the blue shift of band gap energy is a reduction of 

DOS taił by post-grown annealing [104]. Moreover, it is expected that the semiconductor matrix 

should influence the magnitude of the band gap blueshift besides the parameters of post grown 

annealing, i.e. the temperaturę and the time of annealing. This issue is considered in this 

subsection.
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4.1.1 Post-growth annealing of (Ga,In)(N,As,Sb) layers

In order to compare the effect of post-grown annealing for different semiconductor 

matrix containing N atoms three samples with the same nitrogen content have been selected to 

this study. The samples were grown by molecular beam epitaxy on semi insulating GaAs 

substrates. They consist of a 120 nm thick GaAs buffer layer followed by 100 nm thick 

GaAs0.98N0.02, Gao.95hio.05Aso.98No.02 and GaAs0.90Sb0.08N0.02 layers and capped by 20 nm of 

GaAs. Further d etails o f t he growth p rocess a re d escribed e Isewhere [ 106]. A p iece o f every 

sample has been annealed at the same conditions, i.e. at 750 °C for 10 minutes. The structural 

properties of the samples have been carefully analysed, comparing their characteristics before 

and after annealing. High resolution X-ray diffraction (HRXRD) did not reveal any 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. Therefore, it is concluded that the compound content is the same 

before and after annealing.

Figurę 4.1 (a), (b), and (c) show PL and PR spectra for as-grown and annealed 

GaN0.02As0.98, Gao.95hi0.05N0.2As0.98, and GaN0.02As0.9Sb0.08 layers, respectively. It is noted that 

the three layers possess different strains. The GaNAs temary layer is tensily strained 

(s = -7.9x10'3) and its PL and PR spectra, shown in Fig.4.1(a), clearly exhibit two structures 

which are related to the heavy- and light-hole splitting. The splitting is ~20 meV for the as-grown 

and annealed layers. The GalnNAs layer is almost lattice-matched to GaAs substrate 

(s = -0.7x10-3), and thereby unstrained. In conseąuence, we do not evidence any splitting of 

the valence band in this sample, and a single structure is observed on the PR spectra (see 

Fig.4.1 (b)). In t he case of G aNAsSb 1 ayers i t h as b een found t hat t he 1 ayer i s c ompressively 

strained (f = 4.5 x 10”3). Such strain leads to an essential splitting of the valence bands. The line- 

shape of PR spectrum confirms the splitting.

In the case of PR measurements, which are not sensitive to defect related States, the 

absorption between extended States is observed. At room temperaturę these resonances are 

associated with the band-to-band absorption. The negligible Stokes shift between emission and 

absorption (i.e. the energy of transitions observed in PL and PR spectra) indicates that the band- 

to-band recombination of free carriers is dominant in PL at room temperaturę.
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Figurę 4.1. Room temperaturo PL and PR spectra of as-grown and annealed GaN0.02As0.98 (a), Gao.95Ino.o5No.2Aso.98 

(b), and GaN0.02As0.9Sb0.08 (c) layers. PR spectra are fitted by FDGL curves. In the case of GaN0.02As0.98 and 

GaN0.02As0.9Sb0.08 layers PR spectrum has been fitted by two resonances while in the case of Gao.95Ino o5No.02Aso.98 

layer PR spectrum has been fitted by one resonance. Samples were grown at LPN in France.

The room temperaturę PL and PR spectra for annealed layers are presented in the bottom 

part of Fig.4.1. It has been found that the blueshift of band gap energy equals 20, 27, and 54 

meV for GaNAs, GalnNAs, and GaNAsSb layers, respectively. These shifts cannot be attributed 

to an atom outdiffusion, because it has been excluded by structural investigations. Moreover, it 

has to be noted that the transition energies are not sensitive to possible interdiffusion at the 

interfaces, sińce the layer is thick enough to cause negligible ąuantum confinement (bulk like 

case). Hence, this phenomenon has been attributed to the effect of the change in nitrogen nearest- 

neighbour envirorrment and the effect of the reduction of DOS taił [104], 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 GalnNAs compound 

while for GaNAs compound this effect is absent. Hence, the blueshift for this compound is 

smaller than for GalnNAs one. In the case of GaNAsSb layer the effect of nitrogen environment 

also can be important. In this case the second nitrogen nearest-neighbours can influence the band 

gap energy. However, no theoretical predictions have been done so far. The effect of the 

reduction of DOS taił due to annealing can be different for every sample because the DOS taił 
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usually changes from sample to sample. Such a taił is the origin of the effect of band gap 

shrinkage. The post-growth annealing reduces shrinkage effect due to the reduction of the DOS 

taił. The presence of a DOS taił was strongly manifested at Iow temperaturę in PL spectra [104],

Figurę 4.2 (a), (b) and (c) show a comparison of the absorption-like (reflectance and 

photoreflectance) and emission-like (photoluminescence) spectra for GaNAs, GalnNAs and 

GaNAsSb layers, respectively, measured at 10 K. Each figurę shows spectra for as-grown (top 

panel) and annealed samples (bottom panel).

(a) GaN0 02As0gg

0.8 0.9 1.0 1.1 1.2 
energy (eV)

(b) Ga0 95ln0 05N002AS0 98 G 3 N 0.02AS09S bQ 08

energy (eV) energy (eV)

Figurę 4.2. PL, R, and PR spectra of GaN0.02As0.98 (a), Gao.95Ino.05No.02Aso.98 (b), and GaN0.02As0 9Sb0.08 layers (c) 

recordcd at 10 K. In the case of PL spectra the density of excitation power is 0.08, 0.24, 0.54, and 7.5 W/cm2 for 

solid, dashed. dotted. and dash dot lines, respectively. Samples were grown at LPN in France.

For GaAsN and GalnAsN layers the character of the R and PR lines is probably excitonic 

at 10 K. In the case of GaAsSbN layer the linę shape of R spectrum suggests a band-to-band 

transition. The strain in this layer leads to quite significant splitting of the valence band (~15 

meV). The complex character of the linę shape of PR spectrum conftrms the splitting. However, 

a detailed analysis of the PR spectrum is difficult in this case. Results obtained from absorption- 

like experiments determine the energy band gap in the compound and they enable an 

identification of the naturę of PL bands. In order to determine the naturę of PL bands the 

temperaturę dependent measurements have been preformed. Figurę 4.3 (a), (b), and (c) show
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temperaturę dependencies of PL spectra for GaNAs and GalnNAs, and GaNAsSb layers,

respectively.

Figurę 4.3. Temperaturę dependence of PL from GaN0.02As0.9g (a), Ga0.95In0.05N0.02As0.9g (b), and GaN0.02As0.9Sb0.0g 

layers (c). The density of excitation power is 10 W/cm2. Samples were grown at LPN in France.

The photoluminescence of the three compounds exhibits similar features.

i) Bery broad emission band at -0.85 eV (BI in Fig.4.2 and 4.3): It exhibits a strong 

dependence on temperaturę (see Fig.4.3 (a), (b), and (c)) and rather weak dependence 

on the excitation power. This band is the least intensive for GaAsSbN layer and it 

disappears for this layer after annealing.

ii) A band -80 meV below band gap energy (B2 in Fig. 4.2 and 4.3): This band shifts to 

blue with an inerease of the excitation power and it depends strongly on temperaturę. 

It has been observed that this band disappears above 80 K and the post-growth 

annealing evidently reduces its intensity.

iii) Not well resolved band gap-related emission (B3 in Fig.22 and 23): This band is not 

observed for as-grown layers and it appears after annealing. The intensity of B3 band 

depends strongly on the excitation power and at Iow excitation conditions this band is 

almost not observable. With an inerease in the excitation power the B3 band becomes 

dominant in PL spectrum. In the case of GaAsSbN layer, this band is already 

dominant for Iow excitation powers.
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iv) A blue shift of the optical transitions after annealing. The shift is observed in 

absorption-like experiments and is directly associated with an increase of band gap 

energy. In the case of photoluminescence, the blue shift is seen mainly for the band 

gap-related emission (B3 band) whereas it is rather not observed for BI and B2 

bands.

The similar emission and absorption features of the three compounds suggest that the 

optical properties could be explained within the same band gap diagram in a first approximation. 

In order to explain the optical properties, a band gap diagram as in Fig.4.4 has been proposed. 

This diagram assumes that some defect States exist within the band gap, and the conduction band 

possesses some fluctuations in the minimum energy. The existence of defect State within energy 

band gap has been suggested many times and it has been also confirmed by deep level transition 

spectroscopy (DLTS) [107-109], However, the naturę of the defect States is unclear and is still 

being investigated. In this model, it is assumed, after Kent and Zunger calculations [77], that N 

pairs and triplets lead to a defect States which are close to the conduction band edge. It is 

expected that these defect States are crucial in the III-V-N compounds. In addition, we introduce 

some defect levels which are close to valence band and they are probably not associated with N- 

atoms. The existence of such defect levels has been confirmed by DLTS investigations [107], but 

their origin has not been identified yet.

Figurę 4.4. Band gap diagram of the III-Y-N compound.
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The fluctuations of conduction band minimum result from both alloy content fluctuations 

and a non-homogenous distribution of the N-related defects. Usually, alloy content fluctuations 

lead to band gap fluctuations where both conduction and valence bands have their extrema. 

Nitrogen content fluctuations in III-V-N compounds, like GaAsN, GalnAsN, and GaAsSbN, lead 

to a specific variation of the band gap energy. In this case, the variation of band gap is mainly 

due to the changes of conduction band energy while the change of valence band can be neglected 

[56], Such behaviour is simple to explain within the BAC model [32] which assumes that the 

resonant nitrogen level interacts only with the conduction band of host matrix (i.e. compound 

without nitrogen atoms). The magnitude of the interaction strongly depends on the nitrogen 

content and a smali fluctuation in N content leads to significant fluctuation in energy of the 

conduction band. In our case, the alloy fluctuations are rather smali because they were not 

detected by TEM measurement.

The non-homogenous distribution of the N-related defects is another phenomenon, which 

takes place in these compounds and leads to a local conduction band edge minima in the real 

space. In this case, energy levels related to N-defects are close to conduction band, and lead to a 

taił of DOS in the conduction band and a shrinkage of the band gap.

The structural investigations have shown that the post growth annealing causes a 

homogenisation of the compound content and a reduction of point defect density. Within this 

model, it is expected that after annealing the magnitude of conduction band fluctuations 

decreases and energy levels within the energy band gap disappear, hence the taił of DOS 

reduces. Ali these facts should influence optical properties of a compound described by such 

band gap diagram.

The band at 0.85 eV is attributed to radiative recombination between the N-related levels 

and ‘acceptor like’ States at the valence band. A spatial distribution of the States causes that this 

band is very broad. The second band, (B2), ~80 meV below the band gap energy has been 

attributed to the recombination between N-related defect levels and the valence band. This band 

strongly depends on the temperaturę, the excitation power, and the post-growth treatment. The 

blue shift of this band observed with the increase of excitation power is attributed to a saturation 

of N-related energy levels. It has been observed that this band disappears above 80 K. The Iow 

temperaturę quenching suggests that the character of this recombination is excitonic, and the 

excitons have a localised character. The post-growth annealing evidently reduces the intensity of 

this band. It can mean that the number of N-related defects and/or the localisation energy 

decreases after annealing. In this case, the localisation potential is attributed to some non- 

homogeneities in N-defect distribution and N-content fluctuations.
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The third band, (B3), related to energy band gap strongly depends on post-growth 

treatment. This band is almost not observed for non-annealed layers at 10 K, and it appears after 

annealing. In contrast to the B1 and B2 bands, the intensity of B3 band exhibits much weaker 

temperaturę dependence. With the temperaturę increase the B3 band starts to dominate in PL and 

the character of the recombination changes from excitonic to band-to-band. It has been found 

that the B3 band shifts to blue after annealing according to the observation obtained at room 

temperaturę (see in Fig.4.1). Within assumed model, see in Fig.4.4 a reduction of potential 

fluctuations and taił band States is responsible for an increase of the effective band-gap. 

Experimental data show that the blue shift is correlated with the intensity of the B2 band (N- 

defect related band). The highest reduction of the intensity of this band is observed for GaAsSbN 

layer and also for this layer the blue shift has the highest value. Therefore, the blue shift has been 

attributed to the reduction of the taił of DOS. In the case of GalnAsN compound, a change in 

nitrogen nearest-neighbour environment is the additional phenomenon which, besides the 

phenomenon of the reduction of taił band States, leads to the blueshift of band gap energy. Notę 

the fact that the time of annealing was relatively long while the temperaturę of annealing could 

not be high enough for essential changes in nitrogen nearest-neighbour environment, i.e. to 

obtain In-rich environment. In generał, an interplay between the two effects is expected for 

GalnNAs system. It is expected that the interplay depends on both sample quality and annealing 

conditions. For example, the change in nitrogen nearest-neighbour environment is the dominant 

effect for GalnNAs layers annealed at temperatures higher than 750°C. This issue is investigated 

in next subsection of this thesis.

4.1.2 Post-growth annealing of GalnNAs layers

As has been shown in the previous section the post-grown annealing of (Ga,In)(As,Sb,N) 

layers leads a blueshift of band gap energy due to reduction of point defects, i.e. the taił of DOS. 

However, in the case of GalnNAs the change in the nitrogen nearest-neighbour environment 

influences the band gap energy besides the taił of DOS. It has been shown that that change in the 

nitrogen nearest-neighbour environment from four Ga atoms to four In atoms shifts the band gap 

energy to blue morę than 100 meV [43], In generał, the magnitude of the shift depends on the 

content of GalnNAs compound [43], Due to the finite number of the possible nearest-neighbour 

environments of N atom (five N centred N-Ga4.mInm (0 <ni <4) short-range-order clusters) a fine 

structure of the band gap energy is expected for GalnNAs.
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The samples discussed in this section were grown by MBE on «-type GaAs:Si (100) 

substrates at a growth temperaturę of 470 °C. Each sample consisted of a GaAs buffer layer, a 

300-nm thick Gao.947In0.053N0.026As0.974 layer, and a 10-nm GaAs cap layer, all nominally 

undoped. The samples were annealed ex situ at 800 and 900 °C for 60 seconds. Crystallographic 

properties were monitored before and after annealing by measuring double-crystal X-ray 

diffraction (XRD) rocking curves. Figurę 4.5 shows (004)-reflection XRD rocking curves for as- 

grown and annealed Ga0.947In0.053N0.026As0.974 layers. The GalnNAs diffraction peak appears at 

slightly larger diffraction angles than that of the GaAs substrate, indicating a slight residual 

lattice mismatch of Aa/a=0.144 %. However, such a smali residual biaxial tensile strain is 

expected to have a negligible effect on the PR. spectrum, because the strain-induced light-hole - 

heavy-hole splitting at the r point of the Brilloiun zonę is less than 6 meV, much smaller than 

the peak splitting in PR, as shown below. Distinct Pendellósung fringes are resolved in the 

diffraction profiles, which is indicative of a good crystalline ąuality. The rocking curves are 

almost unaffected by annealing at 800 or 900 °C. Thus one may conclude that the composition 

remains constant.

angle (arcsec)

Figurę 4.5. X-ray diffraction rocking curves taken for an MBE-grown Gao.947Ino.o53No.o26Aso.974 sample closely 

lattice-matched to GaAs (no post-growth annealing, solid linę) and for two other samples of the same composition 

annealed at 800 °C (dashed linę) and 900 °C (dotted linę). Reminiscent lattice-mismatch Aa/a « 0.144 %. Samples 

were grown at ORC in Finland.
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Raman spectra were recorded at 77 K in backscattering from the (100) growth surface, 

using the 568.2 nm linę of a Kr+ laser. The incident and scattered light were both polarized 

parallel to the same (110) crystallographic direction. Figurę 4.6 shows Raman spectra of the as- 

grown (solid linę), annealed at 800 (dashed linę), and 900 °C (dotted linę) GalnNAs layers. A 

peak associated with Ga-N bonds at 473.6 cm'1 dominates the spectrum of the as-grown sample. 

Two additional peaks associated with In-N bonds, 462.0 and 492.2 cm'1, appear after annealing 

and their amplitudes increase with annealing temperaturę. In contrast, the strength of the Ga-N 

related peak decreases, suggesting a considerable re-distribution in nitrogen nearest-neighbour 

bonds towards In-N bonding [84, 85],

Raman shift (cm'1)

Figurę 4.6. Raman spectra for as-grown and annealed GalnNAs layers measured at 77 K. Signals assigned to In - N 

bonds and Ga-N bonds are clearly resolved; their relative intensities depend on the post-growth annealing 

procedurę. Samples were grown at ORC in Finland.

The XRD and Raman data confirm that samples selected to this study are GalnNAs 

layers with the same content and different nitrogen nearest-neighbour environments. The 

environment changes from Ga-rich for the as-grown layer to In-rich for annealed layers. The 

band gap energy of GalnNAs layers was investigated by PR spectroscopy. Due to the doping in 

GaAs substrate PL signal from the GalnNAs layer interfere with the signal from the substrate. 

Therefore, these samples were not investigated in PL.

Figurę 4.7 illustrates room-temperature PR spectra recorded for the present set of samples. 

A long-period oscillatory behaviour of the signal is seen for all samples throughout the energy 
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rangę studied, onto which the actual GalnNAs and GaAs band gap features are superimposed. 

These long-period oscillations are due to interference effects and it does not influence the linę 

shapes associated with critical points of the band structure [10], For a detailed analysis of the 

spectra, these oscillations have been removed by subtracting calculating oscillating-like curves, 

computed from the equation AR/R = a-sin(P-E+(p), where a, 0, and (p are fitting parameters. 

These calculated curves were fitted to replicate the experimentally observed long-period 

oscillations in the energy rangę of interest, i.e. 0.9 - 1.15 eV. In the resulting difference spectra 

the enhanced critical point features are clearly resolved, as can be seen in Fig.4.8(a). The critical 

point, or resonance energies were extracted from the difference spectra shown in Fig.4.8(a) by a 

standard PR linę shape fitting procedurę assuming Lorenzian oscillators (Eq.(4)), followed by a 

Kramers-Kronig analysis [16-18] which produces well-resolved moduli of the PR (Fig.4.8(b)).

Figurę 4.7. Room temperaturę PR spectra of as-grown and annealed Ga0.947In0.053N0.026As0.974 layers. Samples were 

grown at ORC in Finland.

The PR spectra change significantly upon annealing. A set of at least three discrete 

transitions at well defined, sample independent energies is resolved with the maximum in 

oscillator strength shifting to higher energies upon annealing. For the as-grown sample, the main 

PR feature can be interpreted as being due to band-to-band transitions related to the N - Ga4 

configuration (‘4Ga’ for short). A second feature, located at a by 25 meV higher energy 

(Fig.4.8(b)), can be assigned to the presence of a second nitrogen configuration, such as
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‘3GalIn’, both co-existing in that particular sample. Upon annealing at 800 °C, the signal arising 

from the ‘4Ga’ configuration decreases, while that from the ‘3GalIn’ configuration is 

significantly increased, and a new feature assigned to the ‘2Ga2In’ configuration appears at the 

high-energy side. Upon annealing at 900 °C, the ‘3GalIn’ signal disappears and the ‘2Ga2In’ is 

enhanced. Ali these observations are consistent with theoretical predictions [43, 77], It has been 

reported that for the annealed strained high In-content GalnNAs ąuantum wells the most 

preferred configuration is ‘lGa3In’ [43], Corresponding features, as well as features due to the 

extreme ‘4In’ configuration are not detected in the present PR spectra. A reason for this could be 

the relatively smali amount of indium incorporated in our samples (A = 0.053), preventing the 

formation of indium-rich ‘lGa3In’ and ‘4In’ atom configurations, or formation of these indium- 

rich environments is hindered by the Iow growth temperaturę as compared to MOVPE growth, 

not compensated by the present annealing.

energy (eV)

Figurę 4.8. PR spectra after subtracting an oscillating background (a); Kramers-Kroning modulus of PR signals (b). 

Three different nitrogen nearest-neighbour environments are suggested to be found, two of which co-exist in the 

same sample giving rise to two different band gaps with an energy splitting of 25 meV. Samples were grown at 

ORC in Finland
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Summarizing the above findings, it has been concluded that three different band gaps (0 < 

m < 2) out of five predicted ones (0 < ni < 4) can be discerned for Iow In-content lattice-matched 

GalnNAs. Further, at least two different bonding configurations, with a 25 meV difference in 

band gap energy, are found to co-exist in the as-grown and annealed (800 °C) samples. The 

coexistence of two well-resolved band gaps confirms a cluster-like character of GalnNAs 

materiał.

The mechanism for the re-distribution of nitrogen environment upon thermal annealing is 

not understood at present. One can speculate that atomie migration, for example hopping of N 

from a Ga-rich nearest-neighbour environment to an In-rich environment at elevated 

temperatures, or vacancy-assisted migration of In and Ga atoms, is responsible for a 

reconfiguration of the group Ill-nitrogen bonding, and thus the observed variations in PR 

oscillator strength of the various transitions. Lordi et al. [110] and Albrecht et al. [111] reported 

on the segregation of In towards nitrogen and the homogenisation of the In distribution, 

respectively, upon post-growth annealing of GalnNAs. Thus, both reports give support to the 

view that group III migration is causing the rearrangement of the group Ill-nitrogen bonding.

As was shown in previous section, N-related defects can influence the GalnNAs band gap 

energy due to formation of a taił of density of States (DOS). The post-growth annealing leads to a 

reduction of the DOS and thereby to blueshift of band gap energy. Hence, the total bueshift of 

band gap energy is a sum of the two components: (i) change in nitrogen nearest-neighbour 

environment from Ga-rich to In-rich, and (ii) reduction of DOS taił. The first component has 

discrete character due to finite number of N-centred N-Ga4.mInm (0 < ni < 4) short-range-order 

clusters, while the second component has continuous character. Results presented in this Section 

evidently demonstrate that for these samples the first component is dominated because the 

multiple band gap structure is observed.

4.2 Energy !evel structure of GalnNAs/GaAs single ąuantum wells

Most optoelectronic devices adopt QW structures. Hence, the knowledge of the band gap 

energy, the number of confined electron and hole States, the electron effective mass and the band 

gap alignment is necessary. In this section the photoreflectance approach to investigate these 

issues is presented. Within this approach the theoretically predicted QW transition energies are 

compared with those obtained by using modulation spectroscopy. Unknown parameters of
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GalnNAs/GaAs QW structure, like e.g. the band gap alignment or the electron effective mass, 

are deduced from this comparison. Such approach has been many times applied to InGaAs/GaAs 

[112], InGaAs/InAlAs [113], or InGaAs/InGaAsP [114] QW structures. In the case of 

Ga(In)NAs-based QW structures PR. spectroscopy has been applied in [43, 46-65], The band gap 

alignment and/or electron effective mass have been determined from the PR data by Heroux et 

al.[50] Choulis et al.[53] and Misiewicz et al.[54],

4.2.1 Theoretical approach

PR spectroscopy, besides the energy of ground State transition, yields energies of barrier 

and higher-order QW transitions. For square-like QWs, allowed transitions between hole 

subbands (index w) and electron subbands (index w) obey the selection rule n - m = even. In 

circumstances wave-function mixing can occur and this rule may be violated, causing ‘parity- 

forbidden’ transitions, n- m = odd, to be observed [10-12], Therefore, forbidden as well as 

allowed transitions can be observed in modulation spectroscopy. A comparison such 

experimental data with theoretical models enables to verify Information about the QW thickness, 

strain, QW and barrier compositions, effective masse of carriers, and band gap alignments. In 

addition, some unknown materiał parameters can be determined on the basis of comparing 

theoretical calculations with experimental data. For example, the band gap alignment has to be 

determined in this way because this parameter cannot be measured directly. The heterojunction 

band gap alignment is defined here as

where AEC is the discontinuity in the conduction band (CB) between the two materials and 

AE™ is the discontinuity in the heavy-hole valence band (VB).

The calculations of QW energy levels were performed within the framework of the usual 

envelope function approximation [115], The excitonic effect was neglected. In order to find the 

band gap energy of GalnNAs compound, the BAC model with typical parameters: E^=1.65 eV, 

EM=Eg(GaInAs), and Cnm=2.7 eV has been adopted. BAC parameters were not varied with the 

increase in nitrogen and indium contents. According to the BAC model, the influence of nitrogen 
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on the valence band structure is neglected. Hence, it was assumed that the effective mass of 

light- and heavy-hole does not change after adding of nitrogen atoms. In the calculations, the 

strain effects were included. The biaxial strain was calculated based on the Pikus-Bir 

Hamiltonian as in Ref. [46], The energy shifts due to hydrostatic 8EH and shear 8ES strain 

components equal

( c "1 
8Eh = 2a 1 - '12 £, H ę

'-'11/

( C 
8ES = 2b 1-2^ £, s

'-'11/

(3)

(4)

where £ is the strain tensor in the piane of the interfaces, Cu and C/2 are elastic stiffness 

constants, and a and b are the hydrostatic and shear deformation potentials, respectively. Ali the 

parameters have been obtained by linear interpolation between the parameters of a relevant 

binary semiconductor [66],

The procedurę for matching experiment with theory is as following. The QW transitions 

energies are calculated as a function of me* using the hole effective masses taken from the 

literaturę and the nominał QW parameters, i.e. compositions, thickness. These energies are then 

compared with those found from the PR spectra using a plot similar to that shown in Fig.4.8. 

Here, the experimental transition energies are shown as fuli points while those calculated from 

the model are shown as lines. To obtain a match, the Qc is varied until the intersection of each 

experimental and theoretical linę in Fig.4.8 occurred close to a single value of me , indicated in 

Fig.4.8 by a vertical dotted linę. Using this method, the optimum match between theory and 

experiment could be judged by eye, the greatest weight being given to the most dominant, 

ground State and excited allowed QW transitions in the PR spectrum. Very similar procedurę for 

matching experiment with theory is reported in [ 112-114],

Figurę 4.8 shows the matching procedurę for a Gao.72Ino.28As/GaAs SQW, which the PR 

spectrum is shown in Fig.4.9. A good agreement between experimental data and theoretical 

calculations is obtained for the nominał QW thickness and content, and the effective masses and 

the conduction band offset taken from the literaturę [66],
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Figurę 4.8. The illustration of the method used to achieve a match of theoretical QW transition energies (lines) with 

those found from fitting the PR spectra (points). The vertical dashed linę show the deduced electron effective mass. 

The sample selected to this illustration is a 9 nm thick Ga0.72ln0 28As/GaAs SQW which PR spectrum is shown in 

next section. Obtained mass and conduction band offset well agree with values reported in the literaturę for such 

SQWs.

In the case of Gai.xInxNyAsi.y/GaAs SQW the nominał QW thickness and content are 

assumed, and the most optimal value for the me and Qc is investigated. In addition it is assumed 

that the light- and heavy-hole effective mass is the same as for reference Gai.xInxAs/GaAs SQW. 

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 useflil. Moreover, the observation of nominally 

forbidden QW transitions is very helpful during the determination of Qc parameter.

4.2.2 Photoreflectance of GalnNAs/GaAs single quantum wells

Four subsets of GalnN As/GaAs SQWs with different indium and nitrogen contents have 

been selected to present the evolution of energy level structure after the incorporation of nitrogen 

atoms into 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), Al-0.35 %, and A2-0.5 %.
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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), Bl-0.7%, and B2-l%. The third subset 

consists of four samples with In content of 41 %, QW width 9 nm and nitrogen concentration of: 

CR-0% (reference sample), Cl-2%, C2-3.7%, and C3-5.2 %. The fourth subset was grown by 

MOVPE in opposition 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), Dl-0.5 %, and D2-0.8 %. Ali samples have a —100 nm thick GaAs capping layer. The 

last subset was selected in order to compare the ąuality of MOVPE and MBE GalnNAs/GaAs 

QWs.

Figurę 4.9 and 4.10 show room temperaturę PR spectra of the three subsets of SQWs 

grown by MBE and one subset of SQWs grown by MOVPE, respectively. Using GalnAs/GaAs 

QW as a starting point to study the effect of nitrogen incorporation has several advantages, like 

e.g. easer Identification of PR resonances of N-containing QWs. Ali PR spectra are dominated by 

GaAs band gap bulk-like signal above the energy of 1.4 eV. Below this energy the QW-related 

transitions are observed. The arrows in Fig.4.9 indicate transition energies obtained from the 

fitting procedurę to the PR data using the FDGL fit, the most appropriate form of PR resonances 

in the case of confined transitions, like those in QWs, at room temperaturę [11], The 

Identification of all QW transitions was possible on the basis of calculations described above. 

The notation wmH(L) denotes the transition between w-th heavy-hole (light-hole) valence 

subband and m-th conduction subband. The resonance at the lowest energy is associated with the 

11H transition which is a fundamenta! one in such QWs. Besides the 11H transition, PR spectra 

show an 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 [116, 117] or other 

imperfections of QW it is possible to observe such transitions in PR measurements. The 

magnitude of 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 QW can be lost [116, 117], Usually, the surface electric field is very weak 

and 100 nm cap is sufficient to separate QW from the surface electric field influence. However, 

in many cases this 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 Iow fields (F<1 kV/cm). In this regime of electric field the selection rules are 

changed only while energies of QW transitions shift very weakly (below the resolution of the 

experiment).
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Figurę 4.9. Room temperaturę PR spectra of Gao.72lno.28NxAsx.i/GaAs (subset ‘A’) (a), GaO64lno36NxAsx_i/GaAs 

(subset B') (b). Ga059ln04iNxAsx.|/GaAs (subset ‘C’) SQWs (c) grown by MBE. Samples were grown at WU in 

Germany. Samples were grown at WU in Germany.

In our structures, the existence of a surface electric-field is conftrmed by the presence of 

GaAs-related Franz-Keldysh oscillations (FKO) [118], The magnitude of the field changes from 

sample to sample. On the basis of FKO period, the surface electric field has been estimated to be: 

14, 21, and 25 kV/cm for sample Al, A2, A3, respectively; and ~6 kV/cm for whole subset ‘B’. 

Next 16 kV/cm for sample C3 and 13, 19, 26 kV/cm for samples Dl, D2, and D3, respectively. 

The surface electric field was not estimated for samples Cl, C2, and C4 due to the absence of 

FKOs in their spectra. The fact that nominally forbidden transitions are better visible for the 

structures with the 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 strong in some cases. Also, other factors like e.g. 

random alloy fluctuations, a valence band mixing effects hole wave-function mixing can 

influence the selection rules. Such factors seem to be especially important for the subset ‘C’, i.e. 

Galn(N)As layers with the high concentration of In atoms.
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Figurę 4.10. Room temperaturo PR spectra of Gao.66lno.34NxAsx.i/GaAs (subset ‘D’) SQWs grown by MOVPE. 

Vertical arrows and dash indicate energies obtained from calculations and the fit by FDGL, respectively. Samples 

were grown at KTH in Sweden.

Regarding the behaviour of QW transitions after adding of nitrogen, it is seen that with 

the increase in nitrogen content, all the QW transitions shift towards lower energies. The analysis 

of the shift with the increase in nitrogen content seems to be the most interesting for the subset 

‘D’, due to a strong PR signal and significant intensity of forbidden transitions. The arrows in 

Fig.4.10 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 arrows 

and vertical dash). The energy difference between heavy-hole levels remains almost constant 

after adding of nitrogen atoms. It results from a weak nitrogen-induced change in QW valence 

band and negligible changes in heavy-hole effective mass. The redshift of 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 that the energy difference between 

electron levels changes essentially after adding of nitrogen. For the nitrogen free SQW the 

indium content is so high that the band alignment for light-hole is of type II leading to indirect 

light-hole related transitions in real space. The energy difference between fimdamental light- and 
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heavy-hole transitions does not change significantly after adding of nitrogen. This confirms the 

fact that the light-hole transitions remain indirect despite 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.

4.2.3 Electron effective mass and conduction band offset determination

According to Eq.l3 an increase in the electron eflfective mass with the increase in 

nitrogen content takes place. In the case of the BAC electron effective mass, a satisfactory 

agreement with the experiment can be found only for one QWs with In = 34 % and N = 0.3 %, 

while the agreement drops dramatically for other QWs. In the case of high indium and nitrogen 

contents, the QW transitions have been obtained at higher energies than experimental values. 

Moreover, other authors [59] have reported a decrease of Cnm matrix element with the increase 

in indium content. Such behaviour of Cnm is intelligible and is rather expected within the BAC 

model. However, if the electron effective mass is taken after the BAC model with Cnm less than 

2.7 eV (e.g. 2.2 eC), less harmony with experimental data is obtained. Another approach is to 

increase Cnm parameter. It has been found that it leads to a little better agreement with 

experimental data. The increase of Cnm parameter has been also considered by other authors 

[119], but this approach is rather controversial. Therefore, Cnm parameter has been fixed for each 

sample on the level of 2.7 eV and the electron effective mass has been treated a free parameter.

Figurę 4.11 shows the fitted m* in GalnNAs/GaAs QWs for different indium and 

nitrogen contents. First, it has been found that m^ in GalnNAs 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 

GalnNAs layers by Skierbiszewski et al. [101] and for GalnNAs/GaAs QWs by other authors 

[50, 53, 120-122], Obtained m* agrees with the BAC model only in the rangę of Iow indium and 

nitrogen concentrations. The variation of BAC parameters does not change the m^ value 

sufficiently (see BAC curves in Fig.4.11). Therefore, the electron effective mass cannot be taken 

after the BAC model if we want to calculate energy levels of GalnNAs/GaAs QW in the 

framework of the BAC approximation of GalnNAs band gap energy. In this approach it has been 
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found that in the rangę of investigated indium and nitrogen contents the influence of indium 

concentration on me* can be neglected and me* can be approximated by formula:

m* = (0.072 + 0.01 lx)w0, (6)

where x is the nitrogen concentration in %. The obtained formula gives the electron effective 

mass close to values obtained by BAC model for GaNAs compounds (see in Fig.4.11). In the
*

case of GalnNAs compounds, an inerease in In content leads to significant decrease of me 

within the BAC approach as seen in Fig.4.11.

Figurę 4.11. The electron effective mass as a function of N concentration obtained for GalnNAs/GaAs QWs. Open 

points represent experimental data obtained in this work: □ subset ‘A’ (28%In); O subset ‘D’ (34%In); A subset 

‘B’ (36%In); V subset ‘C’ (41%In). Remaining points represent literaturę data: • Ref.[53]; ■ Ref.[120J; + 

Ref.[121]; ▼ 5%In, ► 9%In. ★ 14%In. ♦ 14.5%In, ◄ 20%In in Ga1.yInyNxAsi.x/GaAs MQW Ref. [50]; X 25%In, 

• 32%In. ▲ 34%In, + 38%In in Ga,.yInyNxAsi.x/GaAs QW Ref. [122],

Such strong change in me* due to the incorporation of In atoms at the same N content is not 

observed. The me inerease is a feature which is attributed to the presence of N atoms. An 

influence of In atoms on me* is not excluded, however, BAC predictions are rather valid. Our 

results show that the incorporation 0.3-5.2 % of N atoms into GalnAs inereases me* by —50-130 
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% in comparison to me of GalnAs, while the incorporation as much as 41 % of In atoms into 

GaAs decreases the m* only 25 % in comparison to me of GaAs. Therefore, the influence of In 

content on me* value can be neglected at the first approximation as in Eq.(6), especially that the 

scattering of the data is the order of 20 %.

Besides w/ parameter the Qc is the second free parameter in our calculations. This 

parameter is crucial for the temperaturę characteristic of laser structures. It is important to have 

the type I structure with a deep confmement potential for electrons and suitably deep potential 

for holes. The conduction band offset can be determined on the basis of PR data because QW 

transitions, especially the excited ones (i.e. 22H, 21H, ...), are sensitive to variations of Qc. In 

addition, the observation of partially forbidden transitions facilitates the verification of Qę„

Figurę 4.12 shows the Qc parameter for the GalnNAs/GaAs SQWs with different indium 

and nitrogen concentrations obtained in this work (open points) and taken from literaturę 

(remaining points). In the case of QW investigated in this paper the indium content is relatively 

high (28%<In<41%) and in this rangę of indium content the Qc for GalnAs/GaAs system is 

almost the same (i.e. Qc=0.8 [53]). The incorporation of a smali quantity of nitrogen atoms 

(N<5%) in InGaAs does not change Qc drastically in comparison with InGaAs materiał with the 

same indium concentration. It has been obtained that with the increase in N concentration to 5% 

the Qc increases up to 0.85. Hence, at the first approximation it can be assumed that Qc for 

GalnNAs/GaAs system is the same as for GalnAs/GaAs one.

Notę that such additional factors like (i) different nitrogen nearest-neighbour 

environments, (ii) N-related defects, are not included in the above considerations. It could lead to 

some dissonances between the experiment and calculations, because it has been found that these 

two factors have a significant influence on the band gap structure of Ga(In)NAs compounds. 

These aspects are discussed in the following subsections. Moreover, a smali difference between 

real and determined nitrogen concentration in GalnNAs layer leads to essential changes in the 

GalnNAs band gap energy. Therefore, the simplest model has been used and BAC parameters 

have not been varied. Within this approach two essential results have been obtained. First, the 

nu increases after adding of nitrogen atoms. Second, the Qc in GalnNAs/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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Figurę 4.12. The conduction band offset in GalnNAs/GaAs structure versus N concentration and In concentration 

(inset). Open points represent experimental data obtained in this work: □ subset ‘A’ (28%In); O subset ‘D’ 

(34%In); △ subset ‘B’ (36%In); V subset ‘C’ (41%In). Reinaining points represent literaturę data: • Ref.[53]; * 

Ref.1121 ]; ■ 10%In, ▲ 20%In, ▼ 30 %In in Ga1.yInyN0.007As0.993/GaAs QW Ref. [50],

4.2.4 Broadening of photoreflectance resonances

The broadening of PR resonance is due to the 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 compound.

Figurę 4.13 shows the broadening parameter of the 11H transition for QWs analysed in the 

previous subsection. It has been 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 incorporation of 

nitrogen atoms. It has been assumed that other factors, which also lead to a broadening of PR 

resonance, have similar contribution to the total PR broadening for each QW. The other factors 

origin from electron-phonon interactions and QW width fluctuations. At the fixed temperaturę 
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and the comparable roughness of QW interfaces it can be assumed that the contribution of the 

other factors to the increase of a broadening parameter is negligible.

The increase in inhomogeneities of GalnNAs with the increase of N atom concentration 

is due to the tendency of nitrogen atoms to clusterization (i.e. creation of nitrogen pairs or other 

clusters) [76, 77] and formation of N-related defect States (nitrogen interstitials, Ga vacancy 

complexes) [124], Moreover, the band structure of GalnNAs compounds strongly depends on 

nitrogen nearest-neighbour environment as was shown in the Subsection 4.1.2. The mentioned 

phenomena lead to band gap fluctuations and to a taił of the density of States (DOS) as in Fig.4.4. 

On the basis of such a diagram it is easy to explain unusually broad PR resonance for QWs with 

smooth interfaces. Within an assumed model, the increase in 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.

------ 1------ •------ 1------ 1------ 1------ •------ 1------ 1------ 1-------•------ r

Subsets:
30 ’ 0 □ 'A': ln=28% (MBE)

/ v 'B': ln=36% (MBE)
△ 'C: ln=41% (MBE)

/ o 'D': ln=34% (MOVPE)
20 - 0

0 -------1------ *------ 1------ 1------ 1------ *------ 1-------■------ 1------ *------ L
0 1 2 3 4 5

N concentration (%)

Figurę 4.13. The broadening T of PR resonance related to 11H transition for the subset ‘A’. VB’, ‘C’, and ‘D’.

In the case of MOVPE-grown QWs, the r parameter increases in comparison to MBE- 

ones by the factor of 1.2, 2.4, and 3.0 for QWs with 0 (reference QW), 0.5, and 0.7 % of nitrogen 

content, respectively. The bigger broadening obtained in the case of MOVPE structures could be 

understood because this epitaxial growth method is worse than the MBE, in generał. But it has 

been concluded that the r increase has to have an additional origin, because these structures
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posses rather good optical properties and the factor of E increase is significantly bigger for N 

containing QWs than for N free QWs (2.2 and 3.0 vs. 1.2). This phenomenon cannot be 

attributed to a poor structural quality of the QW structures, because the MOVPE process was 

refined, and all these QWs were in situ annealed for 10 minutes at 680 °C. This procedurę has 

reduced points defect and improved optical properties significantly. Moreover, the good 

structural quality has been confirmed by structural investigations. Therefore, it has been 

concluded that an additional phenomenon is responsible for such a big value of the broadening. 

As was mentioned previously, 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 details in the Subsection 4.4). 

Within the assumed band gap diagram (see in Fig.4.4) the co-existence of different nitrogen 

nearest-neighbour environments leads to bigger fluctuations in conduction band. In the case of 

MBE-grown QWs different environments of N atoms can be neglected, because these structures 

were not annealed and the number of other than 4Ga environment probably is Iow. The other 

environments of N atoms are expected mainly for annealed QWs. In the case of MOVPE 

process, which is conducted at higher temperatures than MBE one, the number of the nitrogen 

environments other than 4Ga one cannot be neglected especially that these samples were 

annealed for 10 min at 680 °C.

4.3 Energy leve! structure of step-like GaInNAs/Ga(In)NAs/GaAs Quantum well structures

The step like GaInNAs/Ga(In)NAs/GaAs QW structures make it possible to achieve 1.3 

and 1.55 jam emission at a lower nitrogen and/or indium content [27, 125-130], So far, the 

optical properties of such step-like QWs have been mainly 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 materiał 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 pm laser structures seem to be very interesting 

from both fundamenta! and application point of view. Figurę 4.14 shows a comparison of the 

energy level structure for the three different QW structures. This figurę demonstrates the main 

idea of step-like QW system and is useful to explain features observed in PR spectra.
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Figurę 4.14. Energy level structures for three different QW Systems obtained for some indium and nitrogen

contents: (a) GalnNAs/GaAs, (b) GalnNAs/GaNAs/GaAs, and (c) GalnNAs/GalnNAs/GaAs.

4.3.1. The influence of GaNAs harrier on the energy leve! structure

Figurę 4.15 shows PR spectra for step-like Gao.661no.34NxAsi.x/GaNo.onAso.989/GaAs QW 

structures with nitrogen content x=0.007 (curve (ii)) and x=0.008 (curve (iv)). In addition, PR 

spectra of Gao.66lno.34NxAsi.x/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 Fig.4.15. Ali these structures were 

grown by MBE. In the case of reference SQWs, the 11H and 22H transitions are clearly visible. 

Also, the 11L transition, with light-hole State having bulk-like (3-D) properties, is noticeable. 

After the introduction of GaNo.onAso.989 step-like barrier the 11H transition shifts to red by 26 

and 31 meV for the QW structure with nitrogen content of x=0.007 and x=0.008, respectively. 

The 22H transition shifts to red three times morę than the 11H one mainly due to a significant 

shift of the second electron level. In addition, some resonances have appeared in PR spectrum 

above the 22H transition. These transitions are related to a higher than the second electron level. 

However, only the 33H transition has been identified because on the basis of calculations only 
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three confined States for heavy-holes have been obtained. The energy level structure of the 

valence QW does not change significantly due to almost fiat valence band alignment for 

GaNo.onAso.989/GaAs system as it is seen in Fig.4.14(b). The essential changes in the hole-level 

structure appear after incorporating of GalnNAs step-like barrier (see Fig.4.14(c)). In this case 

new confined States appear for holes above the step-like GalnNAs barrier. Transitions related to 

these levels have been observed in PR spectrum of such a step-like QW structure.

Figurę 4.15. Room temperaturę PR spectra of step-like QW stnictures tailored at 1.3 pm. (a): 

Gao.64lno.34No.oo7Aso.993(8nm)/GaAs SQW (reference sample) (i),

Ga<j66lno34Nooo7Aso993(8mn)/GaNooii Aso989(8mn)/GaAs QW structure (ii); (b): (iii)

Ga0 64I110 34N0.008AS0 992(8nm)/GaAs SQW (reference sample), (iv)

GaO 66lno 34No oo8Aso.992(8nm)/GaNO Oii Aso.989(8nm)/GaAs QW structure. Samples were grown at LPN in France.

Figurę 4.16 (a), (b) and (c) show PR spectrum for GalnNAs/GaAs (QW1), 

GalnNAs/GaNAs/GaAs (QW2) and GalnNAs/GalnNAs/GaAs (QW3) structures, respectively. 

In the case of 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 pm QW structures. Similar 

features are observed for 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
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PR resonance in the 1.1-1.35 eV rangę despite the fact that new electron levels have appeared 

after incorporating of GaNAs step-like barrier. Transitions related to the new electron levels are 

not observed because as was earlier mentioned no new confined States for holes have appeared 

after the introduction of GaNAs step-like barrier. Due to the selection rules the transitions 

between the hole subbands with index n=l,2 and the new electron subbands with index 

m=3,4,5,... are forbidden. In the case of QW3 structure, the GalnNAs step-like barrier causes 

that the QW profile changes, as it is seen in Fig.4.14, and new confined heavy-hole States with 

index n = 3,4,5,... appear. Hence, in PR spectrum nmH transitions with index higher than 3 can 

be observed. Such excited State transitions (EST) are visible in the PR spectrum of QW3 

structure (see in Fig.4.16(c)). However, due to a smali energy difference between the States 

confined above the step-like barrier the EST are not resolved and the PR signal looks similar to 
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Figurę 4.16. Room temperaturę PL and PR spectra of Sb containing Ga(In)NAsSb/GaAs QW structures. (a) sample 

with a GalnAs/GaAs SQW (reference QW) and a Gao64lno36No.oi2Aso.973Sbooi5(7nm)/GaNOo2Aso8sSbo i(5nm)/GaAs 

QW structure. (b) sample with a Gao.6lno4No,oi5Aso.97Sbooi5(8nm)/GaNo.o24Aso856Sbo.i2(5nm)/GaAs QW structure. 

Samples were grown at LPN in France.
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4.3.2. Step-like GalnNAs/GalnNAs/GaAs double quantum well structures tailored at 

1.55 pm

Three QW structures were selected to present in this subsection. The first is 

Gao.62lno.38No.o53Aso.947(8.2nm)/GaAs single QW (SQW) labelled as sample ‘S-A’. This sample 

is the same as in previous section and is treated as a reference QW structure. The second and 

third are a step-like barrier GalnNAs/GalnNAs/GaAs double QW (DQW) structures which are 

composed of compressive strained GalnNAs QWs and tensile strained GalnNAs SLBs (samples 

‘S-Bl’ and ‘S-B2’). The seąuence of layers in the SLBQW structure is following 

GaAs/SLB(7.5nm)/QW(7.5nm)/SLB(15nm)/QW(7.5nm)/SLB(7.5nm)/GaAs. The content of 

GalnNAs barrier layers and GalnNAs QW layer is 3 % In and 2-2.5 % N, and 38 % In and 2-2.5 

% N, respectively.

Figurę 4.17 shows a comparison of PL spectra recorded at room temperaturę for the three 

QW structures. For this set of samples it has been observed that the intensity of PL is strongly 

correlated with the concentration of N atoms in the active region of the QW structure. In generał, 

the intensity decreases with the increase in N concentration. Similar behaviour has been also 

observed for other sets of samples not shown there. In this subsection only samples designed at 

1.55 pm are discussed.

energy (eV)

Figurę 4.17. A comparison of room temperaturo PL spectra measured for the GalnNAs/GaAs SQW (solid linę) and 

GalnNAs/GalnNAs/GaAs SLBQW structures (dashed linę: sample ‘S-Bl’; dotted linę: sample ‘S-B2’). The 
excitation power is ~0.5 kW/cm2. Samples were grown at WU in Germany.
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In order to obtain an emission at 1.55 pm for a GalnNAs/GaAs SQW structure the 

concentration of N atoms has to be increased up to 5.3 % at high concentration of In atoms (38 

%). It this case, despite the fact that electrons are confined in a very deep QW (-450 meV) and 

holes are confined in sufficient deep QW (-200 meV), the emission is very week. This feature is 

attributed to non-radiative recombination processes which are associated with the presence of N 

atoms. In order to reduce non-radiative channels of the recombination the concentration of N 

atoms has to be decreased in the active QW region. However, the decrease in N concentration 

significantly increases the band gap energy of GalnNAs. Therefore, if we want to keep emission 

at 1.55 pm we have to lower the QW barrier or to increase the QW thickness. The last approach 

leads to an increase in the number of confined States for both electrons and holes, and shifts the 

ground State emission very week. Moreover, the active region of a laser structure with such a 

broad QW is not efficient. Therefore, the first approach associated with lowering of QW barriers 

is morę perspective. In samples shown in this subsection the effective barrier for the active QW 

region has been lowered by introducing compressive strained GalnNAs SLBs. In this way the 

emission at 1.55 pm has been achieved for QW structure with the 2-2.5 % concentration of N 

atoms, i.e. two times lower concentration than for the GalnNAs/GaAs SQW structure 

(sample ‘S-A’). The intensity of PL for SLBQW structures is about 5-7 times higher than the 

intensity for the SQW structure (see sample ‘S-A’ in Fig.4.17). The increase of PL intensity has 

been attributed to the decrease of nitrogen concentration. On the other hand, the SLB leads to a 

sallower QW, thereby should lead to a weakness of PL intensity. PL results in Fig.4.17 show that 

for our samples the second factor is less important than the first factor associated with the non- 

radiative recombination related to the presence of N atoms. It indicates that lowering of N 

concentration by the introduction of GalnNAs SLBs is good approach to achieve better 

efficiency of GalnNAs-based lasers. Therefore in next step, it is interesting to find how deep is 

the active QW and how many States is confined in the QW. In order to determine the energy 

level structure for the SLBQWs PR spectroscopy supported by the calculations has been applied.

Figurę 4.18 shows a comparison of PR spectra recorded at room temperaturę for the three 

QW structures. Ali PR spectra are dominated by GaAs band gap bulk-like signal above the 

energy of 1.4 eV. Below this energy the QW-related transitions are observed. The arrows in 

Fig.4.18 indicate transition energies obtained from the fitting procedurę to the PR data using 

FDGL model.
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Figurę 4.18. A comparison of room temperaturę PR spectra measured for the GalnNAs/GaAs SQW (sample ‘S-A’) 

and the step-like GalnNAs/GalnNAs/GaAs SLBQW structures (samples ‘S-Bl’ and S-B2’). Samples were grown at 

WU in Germany.

The identification of all QW transitions was possible on the basis of calculations 

described in Subsection 4.3.1. The resonance at the lowest energy is connected with the 11H 

transition which is a fundamental one in such QWs. In the case of GalnNAs/GaAs SQW 

structure PR resonances related to 11H, 11L(31H?) and 22H are identified. A diagram of energy 

level structure for this SQW obtained on the basis the matching of the experiment with the 

calculations is shown in Fig.4.19. For this SQW structure two confmed States for electrons and 

three confmed States for heavy holes have been found. The light hole is unconfmed for 

parameters assumed in the figurę caption of Fig.4.19. PR features attributed for the 11L could be 

also attributed for the forbidden 31H transition. The light hole becomes to be confmed in the QW 

with the increase in the valence band offset. A modification of BAC parameters after the other 

authors [59, 100], and a correction in the thickness and the content of the QW lead to some 

changes in energies of QW transitions. However, these changes are not drastic, and the
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Identification of QW transitions should be as in Fig.4.18, because experimental data show 

mainly the allowed transition. Therefore, it has been concluded that the energy level structure for 

this SQW is close to this presented in Fig.4.19.

distance (nm)

Figurę 4.19. The energy level structure for GalnNAs/GaAs SQW obtained on the basis calculations. For the 

calculations it was assumed that the electron effective mass in GalnNAs layer is 0.09 trio and the conduction band 

offset is Qc = 0.8. In order to determine the band gap energy for GalnNAs the BAC model with following 

parameters: Cnm=2.4 eV and EN = 1.65 eV; was used.

Essential changes in the energy-level structure appear after incorporating compressive 

strained GalnNAs SLBs. The spectrum below GaAs band gap energy changes significantly. At 

the band gap energy of the SLB a resonance, which has been attributed to band gap-related 

absorption in the SLB, is observed. Such absorption is possible due to effectively high thickness 

of SLBs (the total thickness is 30 nm). Above the band gap energy of the SLB a single PR 

resonance is not observed. PR features observed between the band gap of SLB and GaAs are 

rather similar to Franz-Keldysh oscillation [9-12], These features have been attributed to 

transitions between States confined above SLB. These States have almost continuum spectrum 

due to the high thickness of SLB. Therefore, the absorption between these States can be treated 

as the absorption in a bulk-like materiał. Below the band gap energy of SLB three PR resonances 

have been observed. These resonances have been attributed to transitions between heavy-hole 

subbands and the first electron subband. The strongest is the allowed 11H transition. Next two 

transition 21H and 31H are nominally forbidden ones, however, they can be observed due to 
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imperfections in this system [11, 116], The observation of the set of QW transitions from 

different heavy-hole subband to the same electron subband facilitates to determine the energy 

level structure for this system. A diagram of energy level structure for the SLBQW 

(sample ‘S-Bl’) obtained on the basis the matching of the experiment with the calculations is 

shown in Fig.4.20. Parameters taken to these calculations are shown in the figurę caption. For 

such parameters it has been obtained that the light-hole is unconfmed in the QW. However, a 

transition related to light hole is not precluded. Such a transition is possible in real system, but it 

should be an indirect transition in the real space. The energy level structure changes with the 

increase in N concentration from 2 to 2.5 %. In PR spectra only a redshift for the QW transitions 

without a change in the number of confmed States is observed (compare samples ‘S-Bl’ and 

‘S-B2’ in Fig.4.18). This experimental observation is consistent with the calculations which have 

shown that after the increase in N concentration from 2 to 2.5 % the redshift of QW transitions 

takes place without change in the number of confmed States.

distance (nm)

Figurę 4.20. The energy level structure for GalnNAs/GalnNAs/GaAs SLBQW structure (sample ‘S-BT) obtained 

on the basis of calculations. For the calculations it was assumed that N = 2 % in both SLB and QW, the electron 

effective mass in GalnNAs layer is 0.09 m0 and the valence band offset is Qc = 0.8. In order to determine the band 

gap energy for GalnNAs BAC model with following parameters: 0^=2.4 eV and EN = 1.65 eV was used.
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4.4 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 

pm is to introduce Sb atoms to GalnNAs compound [131-134], It makes it possible to obtain Iow 

band gap energy at relatively Iow nitrogen content. In this case the role of nitrogen atoms in 

GalnNAsSb compounds is the assurance of the deep confinement potential for electrons because 

for 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 a Sb containing GalnNAs/GaAs system is 

presented in this subsection.

Figurę 4.21 (a) shows PL and PR spectra of MBE grown sample with a GalnAs/GaAs 

SQW (reference QW) and a GalnNAsSb/GaNAsSb/GaAs QW structure. In the case of PL 

spectrum, it is seen that the integrated PL intensity is bigger for a 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 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 generał, it is expected that the five component compound possesses 

bigger inhomogeneities than a three component one.

Figurę 4.21. Room temperaturę PL and PR spectra of Sb containing Ga(In)NAsSb/GaAs QW structures. (a) sample 

with a GalnAs/GaAs SQW (reference QW) and a Ga0 64I110 36N0 012AS0 9?3Sb0 oi5(7nm)/GaNo 02As0 8sSb01 (5nm)/GaAs 

QW structure. (b) sample with a Gao.6lno.4No.oi5Aso.97Sbo.oi5(8nm)/GaNo.o24Aso.856Sbo.i2(5nm)/GaAs QW structure. 

Samples were grown at LPN in France.
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PR spectrum of this sample is in good accordance with the PL one. The ground State 

transition at the same energy as in PL spectrum is observed. The broadening of PR resonance is 

bigger for 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 materiał parameters for Sb containing Ga(In)NAs compounds and the 

conduction band offset for 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.

Figurę 4.21 (b) shows PL and PR spectra of MBE grown sample with a 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 QW as in the previous sample. In this case in PL 

spectrum besides the 11H emission an emission between higher energy levels is observed. The 

PR spectrum is similar to the PR spectrum of 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 exponential one. Additionally, this disappears with the 

decrease of temperaturę (or excitation power at Iow temperaturę) what 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 temperaturę. Therefore, PR 

resonances between 0.85 and 1.2 eV have been attributed 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 Iow temperatures because 

phonon-related broadening is smaller than the broadening due to alloy inhomogeneities.

4.5 Post grown annealing of GalnNAs/GaAs ąuantum wells

So far, the effect of annealing on GalnAsN layers and QWs has been investigated mainly 

by photoluminescence [97, 11, 135], by transmission electron microscopy (TEM) [111], and by 

Fourier transform infrared (FTIR) absorption [87, 136], The results from TEM show that the 

improvement of optical ąuality observed after annealing may be related to the homogenisation of 
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the In distribution in the ąuantum well [111]. Moreover, no indications of N clustering were 

found before or after annealing [137], Additionally, a weak annealing-induced change in the QW 

profile has occurred due to some diffusion of atoms over in a rather short-range [111]. This 

effect is much smaller than that observed previously for InGaAsP/InP structures [138-140], 

However, it cannot be neglected in the analysis of transition energies for post-growth modified 

GalnAsN/GaAs QWs.

As for bulk-like materials (see in Section 4.1), the Ga-N bond in GalnNAs/GaAs QW 

structures is strongly strained and during annealing, this local strain is reduced by the formation 

of In-N bonds. In consequence, the nitrogen atoms are found to be in various nearest neighbour 

configurations after annealing. This structural change should influence the QW transitions. Klar 

et al. [43] have investigated MOVPE-grown GalnAsN/GaAs ąuantum wells by PR and have 

observed that the fundamental QW transition can be split. This splitting is associated with the 

existence of (up to five) local band gaps arising from the nitrogen atoms having different nearest- 

neighbour configurations. It is expected that the annealing process causes both changes in these 

configurations [43] and atom diffusion across the QW interfaces [111, 141], In this Section it is 

shown that the annealing-induced blue shift of QW transition, which is observed in absorption- 

type experiments, can be fully explained by these two effects. In the case of photoluminescence, 

eftects associated with the exciton localization have to be included, in order to understand the 

blue shift of an emission peak.

4.5.1 Change in nitrogen nearest-neighhour environment vs. atom interdiffusion across 

ąuantum well interfaces

In order to explain the naturę of annealing-induced blueshift of QW emission in the 

GalnNAs/GaAs QW system a set of SQWs annealed at different conditions has been 

iiwestigated. SQW structures were grown on a 500pm thick (OOl)-oriented unintentionally 

doped GaAs substrate by solid source MBE. All our samples consisted of a 180nm thick GaAs 

buffer layer, a 70A Ga0.64In0.36As0.99N0.01 well and a lOOnm thick GaAs cap layer. The buffer and 

cap layer were grown at 590°C and the GalnNAs QW at approximately 440°C. The cap layer 

grown at 590°C in itself causes some in-situ annealing during growth. But the temperaturę is far 

too Iow and the duration too short, to fully anneal the GaInNAs-QW. Nevertheless, it should be 

noted that the as-grown samples do not represent the original configuration resulting from the 

low-temperature conditions used for the growth of the GalnNAs-layer. After growth, the 
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structures were then ex-situ annealed using there different procedures by RTA in a nitrogen 

cover-gas environment. For the purposes of this investigation samples were annealed at 650 °C 

for 120 s, at 700 °C for 90 s, and at 750 °C for 60 s.

Figurę 4.22 shows PR spectra for the quantum wells investigated in the vicinity of the 

heavy hole ground State transition 11H recorded at 10 K together with curves approximating 

these spectra Eq.(4), and the modulus of particular PR resonances Eq.(9).

energy (eV)

Figurę 4.22. Low temperaturę PR spectra of as-grown and annealed Ga0.64In0.36As0.99N0.01/Ga As SQWs. Samples 

were grown at WU in Germany.

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 morę 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 nitrogen free sample (see Fig. 4.22). In the case of the 
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annealed structures, a splitting of the fundamental transition is clearly visible; hence PR. spectra 

have been fitted using two resonances. The transition at the lower energy (labeled 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 Fig. 4.22). 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, due to the 

axial component of the compressive strain and different QW confinement energy for heavy and 

light holes. Such a splitting of the 11H transition has previously been observed for MOVPE 

grown GalnAsN/GaAs QW, and has been attributed to the various nearest-neighbour 

configurations for the N atoms in the GalnAsN alloy. In accordance with the calculations of Klar 

et al. [43], the fundamental transition can be split into five. In the case of 

Ga0.64In0.36As0.99N0.01/GaAs QW the energy difference between the lowest energy (4Ga) and 

highest energy (41n) transition is about 50 meV and the difference between neighbouring 

transitions is approximately equal (10 meV in this case). The rangę of 50 meV is illustrated in 

Figurę 4.22 by a dashed linę 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 non- 

annealed sample). However, if one transition is amplified and has a significantly higher intensity 

(PR amplitudę) than the others, then this resonance should be visible against the background of 

the other resonances. Such a case is observed in our annealed quantum wells. On the basis of its 

location this second resonance has been attributed to the lGa3In nitrogen configuration. This 

agrees very well with the calculations of Kim and Zunger using Monte Carlo simulations of a 

GalnAsN supercell [78], 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 procedurę allows a (so called short rangę order) redistribution of atoms 

in the crystal lattice and the system tends to one with minimal energy, namely most favourable 

atom configuration (lGa3In in this case). The finał distribution should depend on the parameters 

of the RTA process. Klar et al. [43] observed that as the RTA temperaturę increases the higher 

energy transitions (related to morę indium atoms) start to dominate in the PR spectrum. The 

second resonance for all the annealed structures is associated with the lGa3In nitrogen 

configuration, but then its energy should be independent of the annealing conditions. It is 
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observed that the ‘S’ feature intensity (PR amplitudę) increases as increase in the annealing 

temperaturę increases (a higher RTA temperaturę favours the most probable configuration), 

whereas both the ‘M’ and ‘S’ PR transitions shift to higher energies when the annealing 

temperaturę increases. The latter can be attributed to the changes in the shape of the quantum 

well due to atom diffusion across the QW interface. The analysis of the morphology and 

composition of such QWs showed that a very thin intermediate layer can be created at the 

GalnAsN/GaAs interface [142], which can be smoothed out after annealing. Previous TEM 

measurements have confirmed that the interdiffusion of interfaces after annealing is very weak 

[111], but despite the fact that this effect is significantly weaker than in e.g. InGaAsP/InP 

structures, where it plays a crucial role [138-140], it cannot be neglected. Annealing causes the 

potential well to be smoothed (to a round well instead of a square well) and hence the energy 

level shift, which results in a blue shift of the ground State optical transition. In the case of a 

diffusion length of about 2 ML (approx. 0.5 nm) the transition energy of such a QW as ours can 

shift by even morę than 10 meV [141], Therefore, the total annealing-induced blue shift of the 

ground State transition is caused by two effects: changes in the nearest-neighbour configuration 

of nitrogen atoms and changes in the quantum well profile. However, as visible in Figurę 4.22, 

the value of the energy shift is not the same for ‘M’ and ‘S’ features (the ‘M’ linę shifts morę 

rapidly as the annealing temperaturę increases). If we compare the values of this energy 

difterence for each linę 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 lGa3In configuration), whereas for the latter 

must be related to some additional effect. We have to remember that this ‘M’ feature is a 

multiresonance. Therefore, if the individual resonances are redistributed after annealing such that 

the higher energy ones became morę intensive, then this results in an apparent shift of the whole 

‘M’ feature.

This explanation of the annealing-induced blue shift of the QW transition was also 

confirmed by the PL experiment. Figurę 4.23 shows Iow temperaturę PL spectra in the 

appropriate spectral rangę. One peak is observed for the non-annealed sample. This spectrum has 

been fitted using a single Gaussian curve. After annealing, a second peak appeared in the 

emission spectra. In this case, the PL spectra were fitted using two Gaussian curves. For all the 

samples iiwestigated the PL peaks agree very well with the PR spectra, but they are slightly red- 

shifted. These Stokes shifts between the PL and PR signals are connected with the origin of the 

photoluminescence, which must be related to the bound exciton transitions. For the non-annealed 

Ga0.64In0.36As0.99N0.01/GaAs SQW the 14 meV Stokes shift is smaller than that reported by

79



Photoreflectance and photoluininescence investigations of nitrogen diluted HI-V alloys and ...

Shirakata et al. [47] and Polimeni et al.[143], which indicates the high quality of the sample. 

However, this value is still quite large in comparison with the reference Gao.64Ino.36As/GaAs 

SQW (less than 2 meV). The magnitude of this shift decreases after annealing to below 5 meV.

energy (eV)

Figurę 4.23. Low temperaturę PL spectra of Gao.64Ino.36Aso.99No.01/GaAs SQW’s and their decomposition into 

individual Gaussian curves. Samples were grown at WU in Germany.

Summarizing above ftndings, it has been shown that the RTA process induces an 

significant change in the character of the ftindamental transition of a GalnAsN/GaAs quantum 

well. The observation of splitting of the ground state transition is associated with the existence of 

different configurations of the nitrogen atoms. The broad lower-energy feature is attributed to the 

superposition of several (up to four) transitions of comparable intensities. The second narrow 

resonance is associated with the favourable lGa3In configuration. The blue shift of the ‘S’ 

transition, as the annealing temperaturę inereases is caused by a change in the QW profile due to 

the annealing-induced migration of atoms across QW interfaces, which is in agreement with 
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theoretical predictions madę for GalnAsN/GaAs QW’s [141], even though the diffusion length 

does not exceed a few monolayers. This has to be taken into consideration (beside the short 

rangę lattice reconfiguration effect) in the postgrowth processing of GalnAsN-based devices.

4.5.2 Influence of the groyvth temperaturę on the post-grown reconfiguration of nitrogen 

nearest-neighbour environment induced by anneating

Two sets of MQW structures were selected to present the influence of growth temperaturę 

on the magnitude of blueshif of QW transition due to the post-growth annealing. The MQWs 

samples were grown on //-type GaAs: Si (100) substrates by molecular beam epitaxy (MBE). 

Each sample consisted of a GaAs buffer layer, twenty 6.3-nm thick Gao.65In0.35As091sN0.012 QWs 

separated by 22-nm thick GaAs barriers, and a GaAs cap layer, all nominally un-doped. The first 

set was grown at 410 °C and the second one at 470 °C. The samples were annealed ex situ at 650 

and 750 °C for 60 seconds.

Figurę 4.24 shows room-temperature PR spectra for the set of samples grown at 410 °C. 

Curves (a), (b) and (c) in Fig.4.24 show the PR spectra of as-grown, annealed at 650 and 750 °C 

GalnNAs/GaAs MQWs, respectively. A long-period oscillatory behaviour of the signal is seen in 

all samples throughout the energy rangę studied. This feature is associated with an interference 

effect which is related to the presence of n-doped GaAs substrate. However, the interference 

effect does not influence the PR line-shape associated with an interband transition [10], In this 

case, the PR spectrum is a superposition of oscillating-like response and PR resonances 

associated with transitions in QW and GaAs buffer layer. PR features related to the interband 

absorption in QW and GaAs buffer layer are indicated by arrows in Fig.4.24, and they are 

distinguished despite the presence of oscillating-like structure. On the basis of the calculations 

like in Section 4.3, the three QW-related resonances have been attributed to the transition 

between first heavy-hole and first electron subbands (11H), first light-hole and first electron 

subbands (11L), and first heavy-hole and second electron subbands (12H).
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energy (eV)

Figurę 4.44. Room temperaturę PR spectra of as-grown (a), annealed at 650 (b), and 750 °C (c) GalnNAs/GaAs 

MQWs. Samples were grown at ORC in Finland.

To better analyze QW transitions, oscillating curves were calculated from the equation 

AR/R = a sin(P-E+cp), where cc, 0, and (p are fitting parameters, mimicking the observed 

oscillations in the energy rangę of interest, 0.85 - 1.2 eV. The calculated curves were then 

subtracted from the experimental data to enhance QW-related PR resonances (Fig.4.25). Such 

processed spectra were analyzed by the use of the Kramers-Kronig analysis and the standard 

fitting procedurę assuming Lorenzian and Gaussian line-shapes. The modulus of PR spectrum 

obtained by the use of KKA is shown together with the adequate PR spectrum in Fig.4.25. 

Energies of QW transitions taken from the KK modulus are shown in Fig.4.26. In addition, the 

broadening of 11H transition is shown in Fig.4.26. Ali these values are analyzed below.

82



Photoreflectance and photoluminescence investigations of nitrogen diluted IH-V alloys and ...

0.9 1.0 1.1 1.2

energy (eV)

Figurę 4.25. PR spectra of as-grown (a), annealed at 650 (b), and 750 °C (c) GalnNAs/GaAs MQWs after 

subtracting an oscillating background (solid linę) and Kramers-Kronig modulus of PR signals (dashed linę). 

Samples were grown at ORC in Finland.

The PR signals are different for different samples but vary systematically from one sample 

to another. For the as-grown sample, all three QW transitions possess complex character and 

they cannot be fitted by one Lorentzian or Gaussian PR resonance. Such PR line-shape is 

composed of few resonances which are associated with the presence of different nitrogen 

nearest-neighbour environments in this sample (N - In4Ga4.m (0 < m < 4) short-range-order 

clusters). The energy of PR resonance has been determined by KKA and is considered to be an 

‘effective’ energy of the QW transition. In the GalnNAs/GaAs QW system the hole level in 

valence QW is accurately deftned, while the electron level in conduction QW strongly depends 

on nitrogen nearest-neighbour environment. Such result has been obtained within thin binding 

calculations [43] and it is also intelligible in the framework of band anticrossing (BAC) model 

[32], based on the assumption that the nitrogen resonant level interacts only with the conduction 
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band. For as-grown MQWs the dominant part of 11H resonance is associated with a N - Ga4 

environment (4Ga for short). The remaining resonances, existing within the 11H transition, can 

be attributed to a tracę of the second nitrogen environment, Hn3Ga, co-existing in the sample. 

Very similar behavior is observed for both UL and 12H transitions. The formation of In-N 

bonds in GalnNAs can be seen in Raman spectra [84] as an appearance of In-N like LO2 modes 

centred at the wave numbers of around 460 and 485 cm'1. It has been found that In-N related

modes exist already for the as grown sample (see in Fig.4.27). It means that ‘3GaIn’ clusters 

already exist in the as-grown sample, hence PR resonances are complex.

temperaturę (°C)

Figurę 4.26. Energy of 11H (■), 11L (•), and 12H (A) QW transitions obtained by the Kramers-Kronig analysis 

and broadening of the 1H transitions (□). Solid lines are a guide for eye.

After RTA at 650°C for 60 seconds, the effective energy of all three QW transitions shifts 

to blue, and the shape of PR lines changes significantly. However, the character of these 

transitions is still complex, despite the fact that the 11H transition or remaining transitions could 

be quite satisfactorily fitted by one Gaussian-like resonance which is the most appropriate line­

shape for an QW transition at room temperaturę [11] (see solid linę in Fig.4.28(a)). The good 

agreement of experimental data with the single resonance results from the fact that the energy 

separation between individual resonances is close to the broadening parameter of individual 

resonance. We obtain better agreement between the experimental data and the fit if we assume 

that the 1 IH-related transition is composed of two resonances which could be attributed to two 
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different nitrogen environments, probably 3Ga2In and 2Ga2In (see dashed linę in Fig.4.28(a)). 

However, such fit is also not satisfactory because it was found that the energy separation 

between these two resonances is 14 meV, while their broadenings are 14 and 18 meV. In this 

case, a bigger energy separation (~20 meV) and a smaller broadening of PR resonance are 

expected. The energy separation increases and the broadening decreases if we assume that this 

transition is composed of three resonances. However, such fitting procedurę could be 

controversial due to a high number of fitting parameters. The problem with fitting this spectrum 

is associated with the presence of morę than two different clusters. It is possible that also 4Ga 

and Ga3In nitrogen environments exist in GalnNAs layer annealed at 650 °C and weak 

resonances associated with these nitrogen environments make contribution to the total PR line- 

shape. Therefore, in order to avoid this complication the Kramers-Kronig analysis has been used. 

This analysis makes it possible to determine the ‘effective’ energy of QW transition and helps to 

investigate the change in the PR line-shape.

Raman shift (cm‘1)

Figurę 4.27. 77 K Raman spectra from as-grown GalnNAs/GaAs MQW. The vertical arrows indicate the presence 

of peaks assigned to In-N bonds. Samples were grown at ORC in Finland.

Essential differences in the PR line-shape and its width appear for MQWs annealed at 

750°C for 60 seconds. In this case the 11H transition can be quite satisfactorily fitted by one 

85



Photoreflectance and photoluminescence investigations of nitrogen diluted IH-V alloys and ...

Gaussian-like resonance (see Fig. 4.28(b)). The broadening of the resonance is 6.4 meV. It 

means that in this sample one environment of nitrogen atom is dominant. Probably it is 3InGa 

environment which is the most favourable environment in terms of crystal energy [78], It is 

noted that also 11L features behave very similar to the 11H one.

For GalnNAs/GaAs QWs, besides the change in nitrogen nearest neighbour environment, 

an atom interdiffusion across the QW interfaces also leads to a blue shift of QW transitions. 

However, for our MQWs the atom interdiffusion is rather smali because any significant changes 

between XRD fringes of as-grown and annealed MQWs have been found (see in Fig. 4.29). Ali 

diffraction patterns of each three samples are identical. The Pendellósung fringes confirm that 

the structures are of good structural quality. The similarity of the XRDs indicates that the shift of 

QW transitions cannot be attributed to any significant composition or thickness variations in the 

quantum wells. This is to say that Ga/In interdiffusion is minimal for the annealing at 650 and 

750 °C, although some atomic-scale diffusion, undetectable by our XRD, cannot be completely 

ruled out. The interdiffusion process could significantly influence the energy of QW transitions 

if RTA was conducted at higher annealing temperaturę and for longer annealing time.

The coexistence of few band gaps is one of the most interesting features in this system. It 

has been observed that for spatial resolution of 0.5 mm the PR. spectrum does not depend on the 

place on a sample. It means that the sample is homogeneous above 0.5 mm and eventual 

inhomogeneities are lower that 0.5 mm. In this system, due to the strong localization of electron 

wave function near the N centres, eventual spatial inhomogeneities of band gap energy would be 

close to few distances between nitrogen atoms. To our knowledge, such inhomogeneities have 

never been observed so far in an absorption-type experiment. However, it is assumed that the 

coexistence of few band gaps results from spatial inhomogeneities of the band gap in GalnNAs 

(spatial inhomogeneities in nitrogen nearest-neighbour environment, i.e. N - In4Ga4.n1 clusters). 

The relative density of State for each gap corresponds to the number of adequate clusters. The 

post-growth annealing leads to a redistribution of N atoms between the five possible 

environments. For the as-grown structure the environment is dominated by Ga atoms (N-Ga4 

cluster), whereas annealing provides enough energy for atoms to minimize strain and rearrange. 

It leads to an In-rich distribution of clusters, dominated by In-N bonds.
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energy (eV)

Figurę 4.28. PR spectra of annealed at 650 (a), and 750 °C (b) GalnNAs/GaAs MQWs (open circles) and their fits 

by Gaussian-like lineshape (lines). Samples were grown at ORC in Finland.

The unique property that the band gap possesses distinct discrete values despite the alloy 

disorder is due to the large energy separations between the corresponding conduction band States 

and the strong electron localization near the N centres. Therefore in this system the band gap is a 

local property in the mezoscopic scalę. Such a local behaviour of the band gap is one of the 

causes of the carrier localization effect at Iow temperatures, which is usually observed in 

GalnNAs layers and QWs. Due to the non-equilibrium growth of GalnNAs layers a disorder in 

nitrogen environment is rather usual. It is expected that the disorder depends on growth 

conditions and post-growth annealing. Generally, it is well known that the RTA causes an 

effective blue shift of GalnNAs band gap energy due to a decrease in the number of Ga-rich 

environment in favour of In-rich environments. However, the mechanism of the reconfiguration 

of nitrogen bonds is rather unclear, and only few papers consider this phenomenon. Klar et al. 

[43] have concluded that for GalnNAs/GaAs QWs grown by MOVPE the change in N 

environment is enhanced by As vacancies. He has proposed that N atom hops from Ga-rich to 

morę favourable In-rich environments via As vacancies. In the next part of this subsection the 
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influence of growth temperaturę on the annealing induced change in nitrogen environment is 

presented.

angle (arc. sec.)

Figurę 4.29. X-ray diffraction rocking curves from as-grown (solid linę), annealed at 650 (dashed linę), and 750 °C 

(dotted linę) GalnNAs/GaAs MQWs. Samples were grown at ORC in Finland.

A comparison of the normalized modulus of PR spectrum for two sets of MQWs grown at 

different temperatures (410 and 470 C°) and annealed under the same conditions is shown in 

Fig.4.30. The vertical doted lines indicate expected band gap energies for different nitrogen 

nearest neighbour environments taken after Ref. [43], For as-grown samples the two spectra are 

almost the same (see curves (a) in Fig.4.30), while for annealed samples they are significantly 

different (see curves (b) and (c) in Fig.4.30). It is clearly seen that the ‘effective’ blue shift is 

smaller for samples grown at 470 °C than for samples grown at 410 °C. It means that the 

magnitude of energy shift strongly depends on the initial structural configuration and number of 

point defects. In the case of as-grown MQWs the 4Ga is the dominant nitrogen environment and 

3GaIn is the second environment which is present in the GalnNAs layer. The same distribution 

between magnitudes of 4Ga- and 3GaIn-related peaks indicates that for the two sets of MQWs 

the initial nitrogen environments are similar. The lower concentration of As vacancies in the 

GalnNAs layer grown at higher temperaturę is one of the possibilities which can explain the 

smaller blue shift. However, the real reason is rather morę complicated and is difificult to settle. 

Probably, besides As vacancies other points defects, like e.g. Ga vacancies (promoted by limited 
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diffusion of cations onto the growing surface at Iow temperatures), could influence the process of 

N bonds reconfiguration.

3Galn
\ ; 2Ga2ln

MQW grown at

energy (eV)

Figurę 4.30. The normalized Kramers-Kronig modulus of PR spectrum in the vicinity of 11H transition. Solid and 

dashed lines correspond to MQWs grown at 410 °C and 470 °C, respectively. Curves (a), (b), and (c) correspond to 

as-grown. annealed at 650 °C, and 750 °C MQWs, respectively. Samples were grown at ORC in Finland.

4.6 Manifestation of the localization effect in photoreflectance spectroscopy

The effect of carrier localisation at Iow temperatures is typical of Ga(In)NAs compounds 

and their structures [46, 49, 52, 54, 56], This effect influence both optical and electrical 

properties of Ga(In)NAs structures. In the case of optical properties detected in PL spectroscopy 

a emission band associated with recombination of localised excitons and carriers is observed 

instead free exciton and band-to-band recobmbination. PR technique probes optical properties, 

however, this technique is also sensitive to electrical properties because in order to obtain the PR 

signal the photo-generated electron-hole pairs have to separate and have to change the built-in 
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electric field. Therefore, it is expected that electron and hole traps will influence the mechanism 

of photomodulation of the band bending. In this section the influence of the carrier localisation 

on photomodulation mechanism is discussed. As have been shown the carrier localisation 

weakens the band bending photomodulation and leads to a decrease ofPR signal [144, 145],

Figures 4.3 1 (a) and (b) show temperaturę dependences of photoreflectance spectra for 

Ga0.95In0.05As0.98N0.02 and GaAs0.98N0.02 layers, respectively. Each figurę shows spectra of as- 

grown layers whereas corresponding photoluminescence spectra are shown in the insets. These 

samples have been discussed in the Section 4.1.

energy (eV)

Figurę 4.31. Temperaturę dependency of PR spectrum for GaN0.02As0.98 (a) and Ga0.95In0.05N0.02As0.98 (b) layers. The 

insets show PL spectra. Samples were grown at LPN in France.

For the GalnNAs layer, an increase of PR signal with the increase of temperaturę from 10 

up to about 200 K is observed. The same property is also seen for ternary GaAs0.9sN0.02 layers 

(see Fig. 4.32). In this case, the increase of PR signal is clearly visible in the whole temperaturę 

rangę from 10 to 300 K. The tendency of all these curves is independent of the pump power (in 

the rangę of 0.1 to 5 mW) and pump beam wavelengths (several lines with the photon energy 

always higher than GaAs band gap). It means that this temperature-induced change of PR signal 

is not related to the modulation conditions, but has a direct link with the materiał characteristics. 

This PR behaviour with temperaturę is not typical of a bulk-like semiconductor materiał as 

explained below. Usually, optical transitions observed in PR are described by critical point linę 

shape model as Eq.(4). With an increase of temperaturę, the energy Eo decreases accordingly to 
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Varshni formula [146] and the broadening parameter increases accordingly to Bose-Einstein like 

formula [147], The phase angle in Eq.(4) does not have simple interpretation and is rarely 

analyzed. The amplitudę is also usually neglected in the interpretation; however there are a few 

papers which very carefully investigated this parameter [148-152], It has been shown that A can 

be related to materiał parameters and should be nearly temperaturę independent. Generally, the 

PR intensity (in the sense of peak to peak value) decreases with increasing temperatures but this 

is related to the temperature-induced changes of the broadening parameter rather than to 

amplitudę variation. In the case of Fig.4.31 the evolution of PR features evidence that A varied 

with temperaturę. The modulation efficiency of the materiał decreased at Iow temperaturę. 

Rather than an A amplitudę analysis (Eq.l), the integrated intensity of transitions obtained by a 

Kramers-Kronig analysis Eq.(8) is considered. The integral of Eq.(8) can be interpreted as the 

transition intensity and can be obtained without fitting procedurę. The advantage of such analysis 

is that it by-passes the fitting procedurę. In this approach we do not have to consider (even do not 

have to know) the PR linę shape (Lorentzian or Gaussian, first or third derivate, etc ). This 

advantage becomes important to analyse the temperaturę dependence of the spectra, where the 

linę shape can change from a Lorentzian-like to a Gaussian-like due to the changes of the 

dominant scattering processes. As in a common fitting procedurę, in addition to the transition 

intensity. the Kramers-Kronig analysis provides the energy and broadening of the transition. 

Only the Information concerning the phase angle is lost. A disadvantage of this method is the 

necessity to have well separated PR resonances [17] to determine correctly the integration limits 

for a particular transition.

It is seen in Eq.(9) that the integral of the modulus depends on both A and r If one 

assumes that the modulation efficiency does not change significantly with the increase of 

temperaturę (A almost constant), the transition intensity should decrease with the increase of 

temperaturę due to the broadening parameter increase. Even, if the experimental linę shape is not 

the same as in equation (1) the transition intensity will also decrease with temperaturę similar 

way due to the broadening. This property has been investigated for the GaNAs and GalnNAs 

layers.

Figurę 4.32 shows the temperaturę dependence of transition intensity for the two samples. 

In the case of GaNAs layer the decrease takes place from 300 to 10 K for both heavy- and light- 

hole related features, whereas for the GalnNAs layer, a decrease in transition intensity is 

observed below 200 K. The feature has been connected with PL results, which are presented in 

the insets of Fig.4.31 and are discussed in Section 4.1. For the two samples an emission band 

associated with a recombination involving N-related defects (ND) is clearly visible. The band is 
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dominant in comparison to the near band recombination (NBR), and confirms the significant 

carrier localization in the layers.

Figurę 4.32. Integrated modulus of PR obtained from Kramers-Kronig analysis versus temperaturo. In the case of 

GaN0.02As0.98 layers the presented intensities are the sum of light-hole and heavy-hole transition intensities. Samples 

were grown at LPN in France.

Our conclusion is that this effect has to influence the efficiency of PR modulation. At Iow 

temperatures whereas the thermal energy is smali, carriers induced by pump beam can be 

immediately localized on some potential fluctuations. The localized carriers cannot move and 

they do not contribute to the changes of the band bendings and hence to the modulation of a 

built-in electric field. With an increase in temperaturę 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 Iow temperatures due to the carrier 

localization effect has been also observed for GalnNAs/GaAs QW structures [145], It has been 

found that with the increase in nitrogen content the effect of carrier localization is enhanced and 

PR signal at Iow temperaturę decreases drastically. An example of this effect is shown in 

Fig.4.33. This figurę shows the rafio of 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.
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nitrogen content (%)

Figurę 4.33. Ratio of room (300 K) and Iow temperaturo (10 K) PR amplitudes versus the nitrogen content for the 

series of Gao59lnO4iNxAsi.x/GaAs SQWs. Samples were grown at WU in Germany.

The carrier localization effect is usually observed for nitrogen diluted GaAs and GalnAs 

layers and QWs [144, 145], Hence, the Iow temperaturę PR measurements could be limited, 

especially for structures with high nitrogen content, because with the increase in nitrogen mole 

fraction the carrier localization effect is stronger and makes difficult the band bending 

photomodulation. It means that the electron-hole pairs induced by the pump beam are not 

capable of changing the built-in electric field, because they are immediately localized and cannot 

be separated in the structure. In this way the carrier localization phenomenon is responsible for 

difficulties in Iow temperaturę PR investigations of GalnNAs-based structures.
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5. Summary and outlook

The long-wavelength emission on GaAs substrates has motivated the study of nitrogen 

diluted 1II-V compounds and their Iow dimensional structures. The aim of this thesis was to 

apply photoreflectance technique supported by photoluminescence techniąue to study the optical 

properties of GaAs-based materials promising for 1.3 and 1.55 pm laser application. The main 

tasks of this thesis were (i) to determine the energy level structure of Ga(In)NAs-based QW 

structures and (ii) to investigate the influence of post-growth annealing on optical properties of N 

containing III-V compounds and their QW structures.

Concerning the first task, it has been concluded that at the first approximation the 

incorporation of N atoms into GalnAs/GaAs QW influences mainly the electron QW, while the 

hole QW is similar to N-free QW system. It indicates that GalnNAs/GaAs QW structures 

tailored at 1.3 and 1.55 pm are promising from the point of view of the band gap alignments. It 

has been found that for investigated GalnNAs/GaAs QW structures the conduction band offset is 

AEC « 0 8 ■ It assures strong confinement of electrons and sufficient confmement of holes 

into the QW region. Therefore, the expectation that GalnNAs/GaAs-based lasers will have better 

temperaturę characteristic (higher To) than InGaAsP/InP-based lasers is justified. The other issue 

is the deterioration of optical ąuality with the increase in nitrogen concentration. This issue is 

very important for laser structures. Therefore, the second task of this thesis was to investigate the 

influence of post-growth annealing on the optical ąuality of N-containing III-V compounds and 

their QW structures.

It has been shown that the post-growth annealing weakens the non-radiative- and defect- 

related recombination processes in favour of the band gap-related recombination. However, it 

simultaneously leads to a blueshift of band gap energy. The phenomenon of annealing-induced 

blueshift of band gap energy has been carefully investigated in photoreflectance spectroscopy 

and it has been found that this effect is associated with (i) the reduction of the taił of DOS and (i) 

the change of nitrogen nearest-neighbour environments from Ga-rich to In-rich environment. In 

the case of QW structures, the effect of the atom interdiffusion across QW interfaces has been 

considered and it has been concluded that this effect is negligible for GalnNAs/GaAs QWs in 

contrast to InGaAsP/InP QWs.

For all of the topics the author has studied a number of extensions which are not show in 

this thesis. The extensions are partially presented in the papers published by the author with the 

co-workers, see in the section entitled List of publications. Concerning the outlook of this work, 
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the research on long wavelength optoelectronic devices has seen a lot of progress in the last few 

years. Indeed, by now GalnNAs active regions have been implemented successfiilly in 1.3 pm 

VCSEL’s by variety of research groups; initially only with MBE-techniques, but recently also 

with MOVPE. At this moment a lot of attention is focused on 1.55 pm lasers. In this case, the 

deterioration of optical quality with the increase in nitrogen concentration is the main difficulty 

in achieving high efficient GalnNAs-based lasers emitting at 1.55 pm. Therefore, in order to 

avoid this problem N concentration is reduced to 1-2 % and Sb atoms are incorporated into 

GalnNAs compound. In addition, step-like Ga(In)NAs barriers are introduced into the QW 

structure. It is expected that in this way 1.55 pm VCSEL’s grown on GaAs substrate will be 

achieved. Despite the huge progress in the fabrication of GalnNAs-based lasers, a lot of 

fundamental properties of N-containing III-V compounds are not fully understood. Therefore, 

this topie will be very attractive for the next few years. Results presented in this thesis show that 

photoreflectance spectroscopy supported by photoluminescence spectroscopy is a powerful tool 

to investigate the optical properties of this system. Therefore, such investigations are intensively 

continued by the author.
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