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ABSTRACT 

In this thesis, important properties of gallium arsenide nitride (GaAsN) and in

dium gallium arsenide nitride (InGaAsN) novel semiconductors are presented. Using 

several experimental techniques such as x-ray diffraction, photocurrent, photolumi

nescence, effusion, and secondary ion mass spectrometry, several characteristic prop

erties are measured, analyzed, compared to theoretical predictions, and discussed. 

Single layers of GaAsN were grown on GaAs (001) substrates. Single crystals 

with nitrogen concentrations of more than 5% were achieved. The incorporation of 

nitrogen in GaAs does not seem to be limited by an intrinsic solubihty limit, but by 

the growth conditions. The stability against phase separation was estimated from 

thermal treatment and was found to be highly satisfactory. Effusion experiments on 

GaAsN revealed that the increase in photoluminescence efficiency upon annealing is 

partly due to the removal of an important number of nitrogen atoms {^ 10^̂  cm~^) 

incorporated on non-substitutional lattice sites. An accurate determination of the 

bandgap dependence on nitrogen concentration was made and compared with calcu

lated dependencies. The bowing coefficient is found to be concentration dependent: 

it is close to 18 eV at low nitrogen concentrations while it is approximately 14 eV 

at nitrogen concentrations of 3.6%. Samples grown with active nitrogen provided by 

DMHy instead of plasma-cracked N2 show better luminescence efficiency, probably 

due to a higher background doping for DMHy-samples and/or the production of de

fects by high energy nitrogen ions for N2-samples. The formation of the bandgap of 

GaAsN is investigated for samples with low nitrogen concentrations. Low temperature 

photoluminescence yielded complex spectra of highly efficient radiative recombination 

centers similar to nitrogen pairs in GaP. These centers are tentatively attributed to 

exciton recombination bound to a pair of nitrogen related complexes. 

Quantum wells of GaAsN were also grown on GaAs. The room temperature 

photoluminescence from two sets of multiple quantum wells (MQW) were analyzed. 

Using the valence band offset as a free parameter, the duplication of the experimen

tal results with calculated optical transition energies yielded a type-II natural band 

alignment between GaAsN and GaAs. It was found the valence band of GaAsN shifts 

to lower values at a rate of approximately 50 meV per percent nitrogen. The accuracy 

and validity of these results is discussed. 



Ordering in GaAsN samples was investigated with x-ray diffraction and polarized 

photoluminescence. However, no evidence of long range ordering could be found. 

Single layers and multiple quantum wells made of InGaAsN were investigated. 

It was found that some nitrogen can be incorporated in InGaAs, but the nitrogen 

incorporation is apparently limited to very low nitrogen concentrations (^0.2%). This 

concentration is not enough to reach a emission wavelength of 1.3 /zm. 
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CHAPTER I 

INTRODUCTION 

The scientific and technological interest in semiconductor nitride alloys is relatively 

new, even thought compounds like GaN were first studied some time ago. The pioneer 

work on GaN has been done by Pankove and Akasaki. Pankove, in the beginning of 

the seventies, demonstrated the first blue-emitting GaN metal-semiconductor diode 

and, later, the possibility of fabricating cubic instead of wurtzite GaN. Akasaki, in the 

middle eighties, demonstrated the growth of high quality GaN on sapphire by metal-

organic chemical vapor deposition (MOCVD) and, later, the first blue-emitting LED 

based on a p-n junction [1]. 

Akasaki's results probably awoke some curiosity in the scientific community, but 

Nakamura is mostly held responsible for the excitement and the considerable inter

est shown in nitride semiconductors. He demonstrated that GaN could be use to 

make efficient devices [2], putting into shadow the II-VI compounds that were the 

most important candidates for UV-blue emission. Research efforts on III-N has been, 

since, impressive. GaN, InN, AIN, and their alloys are now important semiconductor 

materials and the fabrication of several devices has been proposed for commercial 

applications, if not already commercialized. 

Semiconductor optoelectronic has reached a point where the prospects of new ap

plications for a semiconductor device justify intensive research efforts. The fabrication 

of new semiconductor materials and the development of novel device structures are 

two ways of providing solutions to technological needs. This is usually done either by 

enlarging application fields or by proposing better performance. 

The two most important parameters of a semiconductor material are its bandgap 

energy and its lattice constant. These values determine if a specific material is in

teresting for optoelectronic applications. Figure 1.1 shows the bandgap of several 

semiconductors as a function of their lattice constant. These compounds are repre

sented by symbols. The lines between symbols show the bandgap energy and the 

lattice constant for a random mixture of the two compounds. 

The optoelectronic technology is strongly restraint by the very small number of 

suitable substrates for epitaxial growth. There exists only very few substrates with 

low defect densities and good electrical properties for device fabrication. The most 

important substrates are GaAs, InP, Si, and sapphire. There is a wide variety of 
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Figure 1.1: Bandgap as a function of lattice constant for several semi
conductor compounds and alloys. Lozenges, circles, and triangles rep
resent group IV, III-V, and II-VI compounds, respectively. The color 
characterizes the nature of the gap: red for direct, blue for indirect, and 
black for semi-metallic. The crystallographic structure is zinc-blende 
and wurtzite for filled and hollow symbols, respectively. 

materials whose bandgaps produce emissions from the far infrared to the near ultra

violet of the spectrum, but only a few of these alloys can be used for devices due to 

the lattice mismatch between the epitaxial layer and its substrate. While a semicon

ductor material with a lattice constant different from the one of the substrate can 

by grown epitaxially, only a limited amount of strain can be accommodated, further 

deformation leading to a severe increase in the number of crystallographic defects. 

Typically, the lattice mismatch, defined by Eq. C.2 on page 105, is limited to a 

few percent, making it a stringent limitation to device design. Figure 1.1 also shows 

vertical lines representing lattice constants of all major substrates, except sapphire. 



Ternary compounds intersecting these vertical lines are semiconductors of great in

terest, since commensurate growth is possible. As it can be seen, there are very few 

direct gap materials that can be matched to a substrate. 

In addition to ternary alloys, quaternary alloys can be fabricated, allowing a lot 

more liberty in the bandgap energy versus lattice constant tailoring. For example, by 

adding an isovalent atom and carefully adjusting the relative concentrations of anions 

and cations a minimal mismatch can be achieve for a wavelength of interest. 

Closing the gap between nitrides and arsenides with an alloy of GaAsX would 

be of considerable interest. Both binary constituent are direct gap semiconductors: 

GaAs emits in the near-IR and GaN in the near UV, therefore the whole visible 

spectrum could be, in principle, covered by a GaAsN alloy. As it can be seen from 

Fig. 1.1, an alloy of GaAsN could eventually be lattice-matched to Si substrates. The 

demonstration of the emission of a direct gap semiconductor grown pseudomorphically 

on silicon would certainly be a breakthrough, whatever is the emission wavelength. 

GaAsN and compound members of the type III-Vi_a;Na; are getting more and more 

recognition as semiconductor materials that could enlarge the application field of 

optoelectronic semiconductors. 

This work concerns primarily the characterization of GaAsN alloys. The nitrogen 

concentration was limited to low values, less than 10%. Even though GaAs and 

GaN are, respectively, the most well-known III-V and nitride compounds, several 

important properties of GaAsN are not known and, even, delicate to predict. As it 

will be discussed in great details, some properties of this alloy were even unexpected. 

1.1 GaAsN and InGaAsN alloys 

Alloys made of GaAs and GaN are not new. The growth of GaAsN was first 

reported in 1992 by Weyers et al. [3]. They have showed that the bandgap emission 

red-shifted upon nitrogen incorporation: the bandgap energy decreaised instead of 

increasing. This unexpected behavior, found only in some III-Vi_a;Xx alloys, aroused 

considerable curiosity and several research groups became interested in GaAsX. 

This unusual bandgap dependence awoke considerable interest from a theoretical 

point of view. Rubio [4] and Neugebauer [5] in 1995 proposed explanations for the ori

gin of this phenomenon. Later, Wei [6], followed by Bellaiche [7, 8, 9, 10] theoretically 

predicted most properties of GaAsN alloys. 
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The experimental characterization of electrical and optical properties of GaAsN 

has been considerably slowed down by the difficulty of growing samples with signifi

cant nitrogen concentrations and good crystallographic quality. First, atomic nitrogen 

sources are scant and difficult to control. Second, the lattice mismatch of GaN and 

GaAs is very high, approximately 20%, making GaAsN a unique alloy. While this 

material might be ideally suited to study the consequences of lattice mismatch on 

alloy properties [5], it might be, due to the high lattice mismatch, impossible to grow 

over the whole range of compositions. 

Weyers' results suggest that GaAsN could not only be used to emit in the visible 

spectrum, but also in the infrared. This particular region of the spectrum is impor

tant for telecommunications since the low attenuation and low dispersion windows of 

silica fibers are positioned at wavelengths of 1.55 and 1.3 /xm, respectively. The incor

poration of nitrogen and indium in GaAs could offer a large spectral range of emission 

in the near infrared region. The next section discusses the expected advantages of 

GaAsN/GaAs and InGaAsN/GaAs devices over existing ones. 

1.2 Why III-Vi-:,N^ infrared emitters? 

Current lasers used in optical communications use InGaAsP active regions and InP 

substrates. Their fabrication technology is well developed, but unfortunately these 

devices show deceptive characteristics compare to other material-substrate systems 

operating at shorter wavelengths. The main intrinsic limitation of 1.3 and 1.55 fim. 

emitting devices based on InGaAsP is the fiuctuation of their emission characteristics 

as a function of temperature. Due to current injections, temperature of laser diodes 

usually varies. This change in temperature affects several characteristics of the device, 

in particular its threshold current. This variation adversely affects the stability of the 

light output characteristics. The variation of the threshold current as a function of 

temperature can be described by the following empirical formula: 

Jth = MT = 0) exp{^) (1.1) 
J-o 

where Jth is the threshold current density, T is the laser temperature and TQ is a 

parameter called the characteristic temperature. It is easily seen from this equation 
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that the sensitivity of threshold current to the temperature is minimized if the charac

teristic temperature TQ assumes a high value. Intrinsic limitations on To for quantum 

well based lasers are believed to originate from two important processes. The first 

one is Auger recombination and the second is carrier leakage outside the confining 

well [11]. The first effect is a nonradiative process and depends mostly on the gap 

energy, a small bandgap makes Auger recombination more efficient. The second ef

fect, carrier leakage out of the active region, depends on the confining potential, i.e. 

the conduction and valence band offsets. 

To vary from 150 to 180 K for GaAs/AlGaAs quantum structures while TQ is 

above 200 K for InGaAs/GaAs wells. For 1.3-1.55 fim emitter, InGaAsP active 

regions on InP, the characteristic temperature is deceptively low, between 50 and 70 

K. For these infrared devices, the threshold current changes significantly with small 

temperature variations. Thermoelectric coolers are used to reduce the performance 

fluctuations. It is believe that poor electron conflnement, due to the natural band 

alignment between InGaAsP and InP, is partly responsible for the low characteristic 

temperature. Even though it may have some poor figures of merit, InGaAsP active 

regions on InP substrates have been so far the only contender for 1.3 and 1.55 /zm 

emission. 

It has been claimed vigorously that an alloy of InGaAsN on GaAs could make a 

1.3 and 1.55 fim. emitter with a good electron confinement since a large conduction 

band offset between InGaAsN and GaAs is expected [12, 13, 14, 15]. Preliminary 

measurements of the characteristic temperature gave a TQ of 126 K for a laser diode 

[16]. The emission wavelength of the laser was 1.25 /xm, but this is a net improvement 

over InGaAsP/InP. 

Adding indium to GaAs reduces the bandgap of GaAs. As it can be seen from 

Fig. 1.1, bulk Ina;Gai_a;As offers a wide bandgap variation over its whole composition 

range, from 1.424 {x = 0) to 0.324 eV {x = 1). A 1.3 fim emission is possible for a 

In composition of 35%. However, the bandgap of InGaAs epitaxial layers on GaAs 

increases proportionally to the value of compressive strain, therefore more than 35% 

indium is needed to reach 1.3 /im. Figure 1.2 shows the lowest optical transition 

energy from InGaAs single quantum wells strained on GaAs (001) as a function of 

well width and In concentration. For large well widths, where the confinement energy 

is low, we get that the indium concentration needed to reach 1.3 fim is more than 

45%. 



Unfortunately the lattice mismatch of InGaAs with respect to GaAs imposes a 

stringent limitation to the lowest emission that can be obtained. When the defor

mation energy exceeds a critical value, formation of dislocations becomes favorable. 

Figure 1.2 also shows the minimum energy that can be achieved without exceeding 

the critical thickness. This thickness was calculated from the force-balance model of 

Matthews and Blakeslee [17]. The lowest energy emission that can be obtained for 

InGaAs/GaAs single wells is about 1.05 eV. This low energy is obtained from thin 

wells of high indium concentration. However, it is difficult to control the character

istic of the emission from such wells since a small thickness variation changes the 

energy of the emitted photon considerably, it is therefore more practical to work in 

a region of larger well width and lower indium concentration. Typical values are 30 

to 35% indium for a well width varing between 60 and 100 A. Therefore, a the long 

wavelength limit of approximately 1.1 fim. is obtained, for example, with an indium 

concentration of approximately 35% and well width of 8 nm. There are therefore 150 

meV missing for a 1.3 /im. emission. 

50 100 
Well width (A) 

150 

Figure 1.2: Optical transitions for InGaAs/GaAs single 
quantum wells as a function of well and indium concen
trations. The dash curve shows the lowest energy that 
can be achieved without exceeding the critical thickness. 

Effects of nitrogen in InGaAs are two-fold: it reduces the forbidden gap energy 

and, at the same time, the strain. Introducing nitrogen in InGaAs could lower the 

bandgap by 200 meV to reach 1.3 fim emission and reduce the severity of the critical 

thickness limitation. In fact, much higher decrease in bandgap of GaAsN has already 
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been demonstrated: As much as 400 meV for nitrogen concentrations of about 3.5% 

[18]. For 1.3 and 1.55 /zm emission, the necessary nitrogen concentrations would be 

less than 1.8% and 3%, respectively. 

The InGaAsN/GaAs system is an excellent candidate for long-wavelength optical 

communications. There are also other many advantages to devices operating on 

GaAs instead of InP substrates. First, GaAs is much less expensive than InP. This 

is a very important consideration for commercial applications. Second, electrical 

properties of GaAs are considered better than those of InP. Third, the lattice-matched 

AlGaAs ternary can be included in the fabrication of devices. The possibility of using 

a high bandgap material like AlAs is very attractive. The AlGaAs/GaAs system 

is probably the most well-known direct gap heterostructure and could be readily 

applied for InGaAsN active-region lasers. Edge-Emitting (EEL) and Vertical Cavity 

Surface Emitting Lasers (VCSEL) can be fabricated with InGaAsN. The fabrication 

of EEL and VCSEL has been demonstrated by Kitatani et al. [16] and Larson et al. 

[13]. VCSEL technology on GaAs is well developed and the extensive knowledge and 

experience could be used for 1.3 /xm, or longer, emission on GaAs substrate. 

Applications for GaAsN or InGaAs are not limited to infrared lasers. As men

tioned previously, the lattice constant of GaAsN with nitrogen concentration of about 

20% could be matched to silicon. A direct-gap semiconductor that can be grown on 

silicon will be granted a lot of attention since it could permit the integration of elec

tronics and optoelectronics on silicon substrates. 

Another major application for InGaAsN is multi-junction solar cell. Friedman 

et al. proposed a InGaAsN layer to make a three-junction cell lattice-matched on 

GaAs [19]. It is very important for detection efficiency to use strain free structure. 

As mentioned before, nitrogen and indium concentration can be tuned in such a way 

that InGaAsN can be grown lattice-matched: one percent nitrogen compensates for 

approximately 3% indium. By filling a gap where no other material could be used, 

InGaAsN is expected to boost energy conversion efficiency. 

InGaAsN did not yet replace any existing device, but, at first sight, InGaAsN 

appears as an excellent candidate for important optoelectronic applications. However, 

there are still many issues that needs to be clarified about the properties of GaAsN 

and InGaAsN. A few of them are discussed in this work. A detailed investigation of 

material properties might reveal some unexpected intrinsic limitation. 

7 
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1.3 Objectives and methodology 

The principal objective of this project was to fabricate an emitting device at 

1.3 fim.. However, extensive characterization is necessary to understand in which 

conditions such an emission can be achieve. The aim of my project was therefore 

quite simple: learn as much as possible about GaAsN and InGaAsN alloys using the 

available characterization techniques to help reaching the successful fabrication of a 

laser emitting at 1.3 fim.. 

All information permitting to reach 1.3 fim. is crucial, but it is also necessary, on 

our way, to study important intrinsic properties of the alloys. There are important 

issues that need to be clarified before a device can be made. Several of them are 

mentioned in Section 2.4. 

The main characterization techniques used were Photoluminescence (PL) and X-

Ray Diffraction (XRD). Appendices A and B describe these techniques. XRD is 

used to confirm commensurate growth, to measured nitrogen concentration, and to 

determine layer thickness. Once the structural properties of the layer are determined 

and its quality considered optimal, PL is used to characterize the optical transitions 

of GaAsN and InGaAsN layers and multiple quantum wells structures. 

This work is divided in five chapters. Chapter II summarizes the work published in 

the literature that helps understand the properties of the GaAsN. Chapter III treats 

about important aspects of the structural and optical properties of GaAsN single 

layers. The characterization of GaAsN/GaAs quantum wells is done in Chapter 

IV. Chapter V describe our results on InGaAsN single layers and quantum wells. 

Chapter VI discusses the implications of ordering in GaAsN. The final chapter makes 

a summary of the results presented in this work. 
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CHAPTER II 

PREVIOUS RESULTS 

Nitrogen doped III-V and II-VI alloys have been under investigation for a few 

decades. GaP doped with nitrogen is certainly the most well-known example. Due 

to an highly efficient radiative recombination at N centers, this indirect gap material 

can be used for green and yellow light-emitting diodes (LED). The technological im

portance of nitrogen doping led to the study of several materials doped with nitrogen. 

GaAs is one of them. 

This chapter makes a review of early results on isoelectronic doping. To fully 

understand the effects of nitrogen in III-V alloys, results on nitrogen doped GaP and 

GaAs are presented. These studies were done on highly doped materials, but the ni

trogen content was limited to typical impurity concentrations (« 10 '̂' cm~^). Weyers 

et al. were to first to growth and characterize GaAsN samples with nitrogen concen

tration exceeding ?̂  10̂ ^ cm~^. Their results on the red-shift of the optical bandgap 

emission with nitrogen concentration will be presented. This bandgap dependence 

on nitrogen composition was unexpected. We will also describe Wei and Zunger's 

explanation of this unusual property of GaAsN. As described in the first chapter, 

GaAsN and InGaAsN are potential candidates for a second generation of infrared 

emitters. However, even if they have at first some attractive properties, some other 

intrinsic properties might be detrimental. The last part of this chapter enumerates 

several important issues that needs to be addressed. 

2.1 Isoelectronic impurities in III-V alloys 

The technological importance of semiconductor materials is due to the ease with 

which it is possible to modify intrinsic properties of the material with the incorpora

tion of impurity atoms. Impurities are used extensively to change electrical properties 

of semiconductor materials. Depending on the valence of the impurity incorporated, 

n- or p-type semiconductors can be obtained, therefore allowing the fabrication of 

electronic and optoelectronic devices. The typical concentrations used range from 

10^^ to 10 °̂ cm-^ 

An isoelectronic impurity is obtained by replacing atoms of a binary alloy by 

another atoms of same valence. Such an impurity always produces a perturbation on 

9 



Table 2.1: Covalent radii of com
mon elements forming semiconduc-
tor alloys 

Element 

N 
C 
B 
P 

Si 
As 
Ge 
Al 
Ga 
Sb 
In 
Bi 
Te 

Covalent Radius (A) [20] 

0.7 

0.77 

0.88 

1.10 

1.17 

1.18 

1.22 

1.26 

1.26 

1.36 

1.44 

1.46 

1.47 

the band structure. Depending on the dissimilarity of the substituent and host atom, 

the isoelectronic impurity will either produce a level in the forbidden gap or inside 

an electronic band. For example, substituting In to Ga in GaAs produces a resonant 

state while substituting N to P in GaP will produce a state in the gap. 

The difference in behavior can be understood with the difference between intrinsic 

properties of host atoms and their substituents. A large difference in atomic size 

and/or electronegativity can produce a significant perturbation to the local potential, 

thus creating a highly localized center attracting one type of carrier via a short-range 

potential. This localized potential, if strong enough, leads to the formation of a bound 

state in the gap. The trapped carrier can then bind a carrier of opposite charge via 

coulombic interaction. Therefore, an isoelectronic impurity forming a state in the 

forbidden gap can bind an exciton. The difference in covalent radii between the 

impurity and the host atoms is a indication of how strong is the perturbation. Table 

2.1 lists covalent radii for the principal elements composing semiconductor materials. 

Nitrogen in GaP is the most well-known example of an isoelectronic impurity in a 

III-V alloy. Since nitrogen lacks P orbitals in its core states, it is much more attractive 

to electrons than phosphorus. The impurity, originally neutral, acquires a charge by 

trapping an electron via a short range potential. The highly localized nature of the 
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potential makes the gap state behaves like a deep center in spite of the fact that it 

may have a small binding energy. The calculation of these binding energies is quite 

more complicated than it is for hydrogenic impurities, since the spatial dependence 

of the potential is unknown. As an example, the experimental value for the binding 

energy of excitons to nitrogen impurities in GaP is about 10 meV [21]. 

Table 2.2 lists a few alloys for which an isoelectronic impurity makes a state in the 

bandgap. For each system, the relative difference in covalent radii between the impu

rity and the atom it replaces and the lattice mismatch are calculated. Even though 

these numbers are based on chemical properties, they can be used to understand the 

perturbation that such an impurity induces to its host. 

Table 2.2: Isoelectronic impurities for some binary com-
pounds. 

Binary 
compound 

Isoelectronic 
im,purity 

Difference in 
covalent 

radii 

Lattice 
nnismatch 

GaP 

GaP 

ZnTe 

CdS 

InP 

InP 

N [21] 

Bi [22] 

0 [23] 

Te [24] 

Sb [25] 

Bi [26] 

46% 

33% 

«56% 

47% 

24% 

33% 

17% 
— 

25% 

11% 

11% 
— 

Since an isolated isoelectronic center can bind an exciton, two isoelectronic atoms 

close together might be expected to bind an exciton more stongly. It has been shown 

by Thomas et al. [21] that, in fact, several lines appear in the absorption and lumi

nescence spectra of GaP due to excitons bound to pairs of nitrogen atoms. Depending 

on the separation, the binding energy of excitons changes. It is maximum for close 

nitrogen pairs and decreases for an the increasing separation. At large separations, 

the binding energy tends to the binding energy of an exciton to an isolated nitrogen 

atom. Figure 2.1 shows the absorption and luminescence, measured at 1.6 K, due to 

N pairs for a sample doped with about 10^^ cm~^ nitrogen atoms. NNi represents the 

closest substitutional nitrogen pair (separation of ao/\ /2 in the [110] direction). Its 

energy, 130 meV below the energy of an exciton bound to an isolated nitrogen atoms 

(Nx), shows that the binding energy of excitons to a nitrogen pair is significantly 

increased. As it can be easily seen, the energy for distant pairs approaches rapidly 
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the energy of the exciton bound to an isolated nitrogen atom as separation increases. 

The possible separation between nitrogen atoms is discrete and given by \/2iao/2 

where i is the zth closest pair. 

2.12 2.14 2.16 2.18 2.20 2.22 2.24 2.26 2.28 2.30 2.32 
PHOTON ENERGY («V) 

Figure 2.1: Low temperature absorption and photolu
minescence in nitrogen doped GaP. After Thomas et al. 
[21] 

Technologically, the NNj radiative recombination centers are of great importance. 

They give rise to very effective luminescence in GaP suitable for LED since the lo

calized N centers break the translational invariance of the crystal, therefore relaxing 

the momentum conservation requirement for optical transitions. 

By judging on the literature, the most studied binary-isoelectronic impurity sys

tem is GaP:N. Even tough a lot can be understood about isoelectronic impurities in 

III-V compounds from this system, GaP is an indirect gap semiconductor, therefore 

it might be difficult to predict what will be the behavior of nitrogen in direct gap 

semiconductor. 

The behavior of nitrogen in GaAs is quite different compare to GaP. Hjalmarson 

et al. [27] have calculated that nitrogen forms a resonant state above the conduction 

band in GaAs: nitrogen impurities cannot bind excitons. Wolford et al. have demon

strated that it is necessary to apply hydrostatic pressure to observe the luminescence 

of excitons bound to isolated nitrogen atoms [28]. The shift in energy with hydro

static pressure is higher for the bandgap than for the resonant state. The pressure 
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needed to move the X level into the gap is approximately 25 kbar. Extrapolating the 

pressure dependence of the the nitrogen energ}^ level to zero pressure, we find that 

the resonant state is located more than 150 me\' above the band edge. 

Even if an isolated isoelectronic impurity does not bind an exciton. the significant 

interaction between the short-range potentials of two close impurities can create a 

bound state. This is what happens in GaAs. Figure 2.2 represents all the energy 

level in GaAs doped with 10^̂  cm~^ nitrogen as a function of hydrostatic pressure 

[29]. The band edge shift with pressure is represented by the donor-bound exciton 

denoted by D^. First, it can be noted that the shift of 3.5-5 me\7kbar of all nitrogen-

related transitions, denoted XX^ or Xx; does not follow the bandgap. confirming the 

deep level nature of nitrogen in GaAs. Second, only the XXi pair, the pair of highest 

binding energy, can be observed at zero pressure at an energy 1.508 eV. According 

to Liu et al., this is the only nitrogen-related level that can be seen without applying 

hydrostatic pressure. It means that the added attraction of the second X atom is so 

strong that it pulls down the energy level 150 me\' below the resonant state. It is also 

interesting to note that transitions. XXj and Xx. are observed along with multiple 

phonon replica. The localized nature of the potential explains the relatively high 

coupling of the carriers with the lattice vibrations. 

The beha\dor of an isoelectronic impurity in III-\' compounds, and even II-\7 

compounds, can behave either like in GaP, where a multitude of energy levels appear 

in the forbidden gap. or like in GaAs. where the isoelectronic impurities make a reson-

nant state. In Section 3.8, a lot of attention will be drawn again on the isoelectronic 

behavior of X in GaAs. 

2.2 GaAsX: Results of ^ '̂eyers et al. 

In the beginning of the nineties, GaX became an important semiconductor mate

rial for technological applications. The impressive enthusiasm in GaX that followed 

certainly contributed to the development of the knowledge related to the growth of 

nitrides and to the development of efficient active nitrogen sources. So that, in 1992. 

Weyers et al. reported the growth of GaAsX with nitrogen concentrations signifi-

canth' above impurity concentration [3]. This attempt to grow an alloy of GaAs and 

GaX was probably aimed at closing the gap between arsenides and nitrides. Instead 

of increasing to higher energ}', the luminescence of GaAsX alloys red shifted consid

erably. Figure 2.3 shows the PL energ\^ as a function of nitrogen concentration for 
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O— Nitrogen 
Features 
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30 

Figure 2.2: Low temperature N̂ ; and NNj photolumines
cence in GaAs as a function of hydrostatic pressure. Pairs 
of increasing separation successively appears in the gap 
of GaAs. After Liu et al. [29]. 

low nitrogen concentrations. This singular dependence was also confimed by absorp

tion measurement, therefore removing any doubt that the decrease in energy was 

originating from a nitrogen-related gap level. 

A similar redshift was observed in GaP. Baillargeon et al. have found that the 

indirect gap of GaPN showed a continuous redshift with increasing nitrogen con

centration [30]. These two results, one on GaAsN and one of GaPN, showed that 

something peculiar was happening: something that was not seen before. 

2.3 On the origin of the giant bowing: Wei and Zunger's explanation 

The properties of an alloy ABi_a;Ca; are generally interpolated from the properties 

of the binaries AB and AC. Most properties of the alloy are well represented by a 
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Figure 2.3: Low temperature PL as a function of nitrogen 
concentration in GaAs. After Weyers et al. [3] 

linear interpolation, except the bandgap energy. The bandgap energy as a function 

of concentration usually deviates slightly from a linear interpolation. Therefore a 

new parameter, the bowing coefficient 6, was introduced to quantify this deviation. 

Basically, b is an empirical parameter ajusted to fit the experimental values with the 

following equation 

EAB,..C, ^ ^E^C + (1 _ ^ )^^B _ j ^ ( i _ ^) 
-gap gap 

(2.1) 

The bowing coefficient adds a second degree term to the linear term, it therefore adds 

a curvature to the dependence. 

Table 2.3 shows values of the bowing coefficient for several ternary semiconductors. 

It can be seen that the bowing is quite small, always less than 1 eV. Therefore, the 

bowing represents a fine correction to the linear interpolation of the energy. 

In the case of GaAsN, the value of the bowing coefficient would need to be quite 

large for Eq. 2.1 to fit the experimental values. To account for the downward shift 

of the energy, the bowing coefficient would need to be approximately one order of 

magnitude higher than the values listed in Table 2.3 
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Table 2.3: Absolute values of opti
cal bowing coefficients of some III-V 
ternary compounds[31]. 

Ternary compound 

InGaAs 

AlGaAs 

AllnP 

AlInAs 

InGaP 

InGaSb 

GaAsP 

GaAsSb 

InAsP 

\b\ 
0.4 eV 

0.438 

< 0.05 eV 

0.74 

0.6 

0.413 

0.2 

1.2 

0.32 

This peculiar property of GaAsN awoke considerable interest both on the exper

imental and theoretical point of view. Many sophisticated theoretical calculations 

have been done to calculate the bandgap dependence of GaAsN with concentration. 

Wei et Zunger proposed an explanation for the origin of the large value of the bowing 

coefficient [6]. They have used an empirical pseudopotential approach to calculate 

the diflFerent physical factors controlling the bandgap dependence on nitrogen concen

tration. The bowing coefficient of GaAsN at a nitrogen concentration of of 12.5% was 

divided in three distinct contributions: (i) volume deformation, (ii) charge exchange, 

and (iii) structural relaxation. For the purpose of the calculation, they have assumed 

CuPty-type ordering of the cation sublattice (see Table 6.3 on page 74). The overall 

bowing coefficient is the sum of the three following contributions. 

(i) Volume deformation. This term represents the change in forbidden gaps of 

the parent binaries, GaAs and GaN, due to the volume deformation necessar}- to 

reach the lattice constant of GaAs87.5N12.5- The GaAs cell is dilated while the GaN 

cell is compressed. In this step, only hydrostatic eff"ects are taken into account. The 

contribution of volume deformation to the bowing coefficient is -0.8 eV. It is relatively 

small and similar to the value of other III-V alloys. 

(ii) Charge exchange. This term represents the change in gaps due to the mixing 

of the GaAs and GaN cells, thus forming the alloy. This step takes into account 

chemical eff"ects arising from the difference nature of As and N atoms. The calculated 

charge exchange term, proportional to atomic orbital energy difference between As 

and N, makes a significant contribution to the bowing coefficient, 8.1 eV. 
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(iii) Atomic relaxation. The last contribution is due to atomic relaxation. All 

atoms, initially in the exact zinc blende positions, are allowed to relax to their equi

librium positions. This step takes into account difference in atomic size between As 

and N atoms and bound lengths between Ga-As and Ga-N. This adds an energy of 

of 8.4 eV to the bowing coefficient. Again, this contribution is very important. 

The sum of these three contributions gives an overall bowing coefficient of approx

imately 16 eV. This value is one order of magnitude higher that the ones typically 

found for III-V alloys. Like for the case of isoelectronic impurities, it appears that 

chemical and size effects (contributions ii and iii) explain the unusual dependence of 

the bandgap with of nitrogen composition. 

2.4 Important issues to be determined 

Before GaAsN and InGaAsN materials can be used as an active region in devices, 

either as an emitter or a detector, many intrinsic properties need to be measured or, 

at least, estimated. Most of these issues are related to GaAsN. 

Due, due to the high lattice mismatch of approximately 20% between GaAs and 

GaN, there might be a solubility gap, i.e., a domain of nitrogen concentrations where 

GaAsN cannot be formed. Section 3.2 compares our experimental results on the 

nitrogen incorporation with the calculated solubility limits. 

Once a crystal of GaAsN is grown successfully, its stability against decomposition 

must be evaluated. Most binary and ternary semiconductors are in a metastable 

state, the equilibrium state being phase separation. However, the rate at which 

decomposition occurs is usually insignificant for most semiconductor alloys. In the 

case of an highly mismatched alloy, the situation could be different. Sections 3.3 and 

3.4 address the question of spinodal decomposition with sets of annealing experiments. 

One of the most important issues to be determined concerned the bandgap. A 

precise determination of the bandgap as a function of the nitrogen composition is 

necessary. From this dependence, the optical bowing coefficient can be calculated. 

We have mention, in the previous section, that the bandgap decreases rapidly with 

the GaN content. An interesting question arises: will the bandgap eventually close 

and, if it does, at which concentration? Section 3.7 present our experimental results 

on the bandgap of GaAsN and the resulting bowing coefficient. 

An important characteristic for device design and operation is the valence band 

offset between GaAsN and GaAs. It is known that the GaAs/GaN valence band offset 
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is negative, i.e., both the conduction band minimum and the valence band maximum 

of GaAs are located above their counterparts of GaN (see Figure 4.1 on page 48). 

Such an heterostructure, called type-II, favors spatially indirect transitions. This type 

of junction is not desirable for GaAsN/GaAs. Taking into consideration the usual 

dependence of the bandgap, it is hard to predict the type of the junction for low 

nitrogen concentrations. Chapter IV addresses this question in details. 

Finally, there has been a lot of discussions about ordering in GaAsN. It seems 

that ordering in the cation sublattice could occur due, again, to the dissimilarity in 

bond characteristics between Ga-As and Ga-N. Chapter VI discusses the implication 

of long range ordering on the properties on GaAsN. 

These are the major points that we will address, discuss, and hopefully answer in 

the following chapters. 
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CHAPTER III 

GaAsN SINGLE LAYERS 

This chapter and the following ones describe the characterization of GaAsN and 

InGaAsN alloys grown on GaAs (001) substrates. The main characterization tools 

used were x-ray diffraction (XRD) and photoluminescence spectroscopy (PL). A short 

description of these techniques can be found in appendix B and A, respectively. 

Several experiments on GaAsN were done in order to determine the important 

properties of the alloy and to, at the same time, clarify some of the issues presented 

in Section 2.4. Results concerning the nitrogen solubility in GaAs, the stability of 

GaAsN against decomposition, and the bandgap dependence are described and com

pared to theoretical predictions. In addition, the formation of the bandgap of GaAsN 

is investigated for samples with low nitrogen concentrations. Low temperature pho

toluminescence yielded complex spectra of highly efficient radiative recombination 

centers similar to nitrogen pairs in GaP. 

3.1 Growth of GaAsN 

Samples characterized in this section were grown under different conditions. First, 

two types of nitrogen precursors were used: active nitrogen (N) and dimethylhy-

drazine (DMHy). Cracking of diatomic nitrogen (N2) was done by a microwave 

electron-cyclotron resonance (ECR) source operating at 2.35 GHz. The chemical 

formula for DMHy is (CH3)2NNH2. The N-N bond is weak and decomposes on the 

substrate surface at relatively low temperature [32]. The respective advantages of 

these precursors on the sample characteristics are discussed later in this chapter. 

The growth was achieve in two types of systems. The first one is metal-organic 

molecular beam epitaxy (MOMBE) while the second was metal-organic chemical va

por deposition (MOCVD). MOMBE takes advantage of metal-organic precursors and 

solid sources and growth occurs in high vacuum conditions characteristic of molecu

lar beam epitaxy. On the other hand, MOCVD used relatively high pressures and is 

therefore restricted to metal-organic precursors. Both systems have their advantages 

and weaknesses. 

Table 3.1 summarizes the growth systems, the precursors, and typical growth 

conditions used to grow GaAsN samples characterized in this work. The detailed 

19 

-T^TTTffKEIES 



RBBBI PgHJiJ i 

Table 3.1: Systems, precursors, and principal growth parameters used 
for the growth of GaAsN 

System Precursors 
Growth 

temperatures 
References 

MOMBE 
(MOMBE-N2) 
MOMBE 
(MOMBE-
DMHy) 

MOCVD 
(MOCVD-
DMHy) 

N2, solid arsenic, 
triethylgalUum 

DmHy, solid arsenic, 
triethylgallium 

DMHy, Arsine, 
Trimethylgallium 

400-500^0 

400-500°C 

500-600^0 

[33, 34] 

[32] 

[35] 

growth conditions can be found in the references listed. When referring to a set of 

samples grown in a specific system, we will use the abbreviation "system-precursor" 

found in the first column of Table 3.1. 

All samples were grown on GaAs (001) substrate. GaAsN layer thickness were kept 

in the range 0.05-0.5 fim.. The growth of samples with high nitrogen concentration and 

good optical properties seems to be quite complex. We do not intend to describe the 

optimum growth conditions for GaAsN. However, there are a few important remarks 

that needs to me made. First, increasing the growth temperature reduces the nitrogen 

incorporation [33, 32]. This has been confirmed by many authors whatever is the 

nitrogen precursor [36, 37]. Second, decreasing the growth temperature decreases 

the photoluminescence efficiency. Finally, for a given nitrogen concentration, samples 

grown with DMHy show a better photoluminescence efficiency [32]. 

3.2 Solubility of GaN in GaAs 

The existence of solid phase random alloys can be predicted by thermodynamic 

phase equilibria. These calculations often reveal a concentrations domain where two 

compounds are insoluble. This is called a miscibility gap. It is a range of compositions 

where the equilibrium growth of the solid phase is prohibited. However, like for every 

thermodynamic process, the temperature plays a critical role. A critical temperature 

Tc is defined as a function of concentration such that below Tc immiscibility dominates. 

Therefore, the equilibrium growth temperature must be higher than Tc for the alloying 

process to occur effectively and randomly. 
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The critical temperature is low for common III-V alloys. It is usually much lower 

than their typical growth temperature. This is the case for AlGaAs and InGaAs 

alloys. Their critical temperatures, maximum at a concentration of 50%, are 200 and 

735K [38], respectively, while the growth temperature is, in normal circumstances, 

more than 800K. However, it is not the case for all III-V compounds. For example, 

the critical temperatures of InSbP and GaSnP are 1320 and 2000K, respectively. 

The tendency towards immiscibility increases with increasing difference in covalent 

radii of atoms sharing the same sublattice. The data of Table 2.1 suggests that, for 

the alloys mentionned above, the increase in critical temperature is correlated with a 

large difference in covalent radii. 

Following this trend, it might be expected that the alloy of GaAsN will show a 

surprisingly large miscibihty gap, i.e., a significant nitrogen concentration domain 

might be prohibited. This question has been first addressed by Neugebauer et al. [5]. 

They have calculated that the critical temperature for GaAs5o%N5o% is higher than 

4600 K. The solubility limit at a typical growth temperature of 800 K was calculated to 

be less than 2%. This limit is based on the assumption that the alloying process occurs 

under thermodynamic equilibrium. However, it is possible to use growth conditions 

under which non-equilibrium prevails. It is often the case for MBE. In this work, the 

samples were all grown by MOMBE or MOCVD. Therefore, the solubility limit of 

2% can be overcome as it will be demonstrated. 

Figure 3.1 shows the x-ray diffraction pattern of GaAs98%N2% grown by MOMBE-N2. 

The numerous interference fringes testify of high quality GaAsN/GaAs and GaAsN/air 

interfaces. The nitrogen concentration is calculated from the mismatch between the 

layer and the GaAs substrate. The parameters used are shown in Table 4.4. The com

position calculation depends on the state of the epitaxial layer, strained or relaxed. 

Asymmetric reflections, (551-) and (551-I-), were used to measure the state of the 

layer and, unless indicated otherwise, all layers are strained. As it can be seen from 

Fig. 3.1, the lineshape of the experimental diffraction pattern (upper curve) agrees 

well with the simulated one (lower curve). The full width at half maximum (FWHM) 

of the measured diffraction peak is very close to the FWHM of the simulated one, 

indicating that the width of the peak is mostly determined by the low layer thickness 

and not by a lattice constant distribution. From the spacing between the interference 

fringes of the experimental curve, the calculation of the layer thickness gives 180 nm. 

The inset of Fig. 3.1 shows the nitrogen concentration as a function of depth for this 

sample. This measurement was made by Secondary Ion Mass Spectrometry (SIMS). 
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Both methods, x-ray diffraction and SIMS, yield the same thickness of GaAsN. The 

concentration obtained from SIMS, 3%, is in good agreement with x-ray diflFraction 

results if we take into account the accuracy of the SIMS technique. This agreement 

confirms that nitrogen atoms are predominantly incorporated in the sphalerite lattice. 

•1000 

200 300 

nm) 

0 1000 2000 

Diffraction angle, 0 (arcsec) 
3000 

Figure 3.1: Diffraction pattern from (004) planes for 
GaAsN2% on GaAs. The inset shows the nitrogen con
centration as a function of depth measured by SIMS. 

Figure 3.2 shows the diffraction pattern of GaAsN samples with concentrations of 

0.7, 3, and 5 percent. The high resolution diffraction data shows that the layer are 

crystalline and single phase. The lattice mismatch between GaAsN5% and GaAs is as 

high as 1.07%. 

This data demonstrates that an alloy of crystalline GaAsN can be grown on GaAs 

substrates without phase separation up to concentrations of at least 5%. However, it 

seems unlikely that the whole composition range will be achieve. Up to now, even if 

GaAsN can be grown using various growth methods (MOCVD [36], MBE [39], and 

MOMBE [34]) and using different nitrogen precursor (N2 [34], NH3 [37], and DMHy 

[32, 36]), no results of good quality layer with concentration above 10% has been 

reported. 

3.3 Stability against decomposition 

The previous section showed that even though the critical temperature is high 

and the theoretical solubility limit is very low, it is possible to achieve the growth 
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Figure 3.2: Symmetric (004) reflection for three GaAsN 
samples of nitrogen concentration 0.7, 3, and 5%. 

of GaAsN alloys with 5% nitrogen concentration. However, the issue of stability 

of the strained epitaxial layer against phase separation needs to addressed. This 

is particularly important since device fabrication usually requires high-temperature 

processing. 

Again, the large difference between Ga-N and Ga-As bond length might produce 

conditions favorable for spinodal decomposition. It means that even if a very uniform 

GaAsN alloy is grown, the state of minimum energy of the layer corresponds to 

phase separation of the binary components. It has been calculated by Qiu et al. 

[33] that solid solutions of GaAsi_a;Na;With nitrogen concentration lower than 1.5% 

are thermodynamically metastable against decomposition. It means that the state 

of minimum energy corresponds to phase separation, but a potential barrier needs 

to be overcomed. For concentrations higher than 1.5% the alloy is unstable and 

decomposition occurs. However, the solid solution can be said "frozen," since the 

decomposition rate is determined by the diffusion mobility of atoms in the crystal. 

This mobility is negligibly small at room temperature [33], therefore the alloy might 

still show high stability. 

Spinodal decomposition produces local variations in the nitrogen composition such 

that nitrogen- and arsenic-rich regions appear. A formerly uniform layer will then 

show a sinusoidal concentration profile. The amplitude of the sine wave will increase, 

but, as phase separation occur, the rate of decomposition decreases since the state of 

the alloy will eventually reach the metastable state. 
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We can address this problem experimentally by submitting the uniform samples 

to thermal treatments. High temperature will significantly increase the diffusion rate 

so that the this tendency of decomposition can be evaluated. We have performed 

post-growth thermal treatments at various temperatures on several samples. The 

crystal quality is judged from x-ray diffraction. Figure 3.3 shows the (004) reflections 

from a GaAsNi.9% layer grown with MOMBE-N2. 

-1000 0 1000 
Diffraction angle, 9 (arcsec) 

2000 

Figure 3.3: (004) reflection of GaAsNi.9% as-grown and 
annealed at 450 and 550°C for 5 minutes. 

From the results shown in this figure, it can be seen that annealed samples are 

different compare to the as-grown sample. First, annealing at 450°C for 5 minutes 

shifts the diffracted peak towards smaller lattice constant. Since the width of the 

diffracted peak is smaller than the width for the as-grown sample, this shift might 

be explained by a nitrogen incorporation in the group V sublattice and, therefore, a 

reduction of the number of defects in the layer. Assuming that the increase in nitrogen 

concentration is equal to the number of defects removed and that the number of 

arsenic atoms does not change, the number of vacancies filled is approximately equal 

to 10^^ cm~^. The accuracy of estimation value can be discussed, but it seems clear 

that the number of defects is reduced upon thermal treatment. This phenomena is 

confirm by photoluminescence measurements. Even though this temperature seems 

to be quite low, almost equal to the growth temperature. Section 3.4 will show some 

data confirming this behavior. 

Subsequent annealing for five more minutes, but this time at 550°C(see Fig. 3.3), 

induces the beginning of the relaxation process. The disappearance of interference 

24 



fringes and the shift towards GaAs diflFraction peak show that the state of the layer 

changes from fully strained to partially relaxed. However, the width of the diflFraction 

peak does not change significantly, indicating that the lattice constant distribution 

throughout the layer is not aflFected by short thermal treatment at this temperature. 

Therefore, the rate at which spinodal decomposition occurs does not produce any 

measurable composition fluctuation in GaAsN2% annealed at 550°C. 

3.4 Effusion experiments 

The diflFraction results mentioned in the previous section raises an important ques

tion. How can the nitrogen concentration increase? This section provides some more 

experimental results that can explain this eflFect. Our results suggest that significant 

amount of nitrogen, loosely bound to the lattice, are also incorporated. 

X-ray diflFraction is a very sensitive technique to measure the eflFective lattice 

constant of epitaxial layers. However, it is not very sensitive to measure the effects of 

defects like vacancies and intersticial atoms. For example, intersticial atoms produce 

a slight deformation of the local lattice constant and is indirectly measured via the 

intensity and width of the diffraction peak. However, for thin strained layers, it is 

hardly possible to extract information due to the strong dependence of intensity and 

width on layer thickness. 

We used a very simple method to further analyze the thermal stability of GaAsN 

layers by measuring effusion as a function of temperature. This method records the 

number of atoms with a quadrupole mass analyzer (QMA) as function of sample 

temperature in a high vacuum environment. Figure 3.4 represents the QMA signal 

as a function of temperature for a GaAsN sample having a nitrogen concentration of 

3.6%. This sample was grown by MOCVD with DMHy. The heating ramp was kept 

constant at 20^C/min. The inset shows the results of an effusion experiment done in 

the same conditions but with a sample having a nitrogen concentration of 2.6%. 

It can be seen that a relatively sharp burst of nitrogen (N2, N-H, and N) occur 

around 470 and 610^0. This effusion is unexpected at such a low temperature since 

the growth temperature was 550°C. Very similar results were obtained from a 2.6% 

nitrogen sample. It is impossible from this data to estimate quantitatively the number 

of nitrogen atoms expelled from the sample, but we can measure the lattice mismatch 

of the layer before and after the eflFusion experiment to see if the nitrogen concentra

tion in the group V sublattice has changed. Figure 3.5 shows the diflFraction pattern 
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Figure 3.4: EflFusion as a function of temperature for 
GaAsN3.6%. Each curve represents an atomic masses 
monitored: 28 amu (N2), 2 amu (H2), 15 amu (N-H), 
and 14 amu (N). The inset shows similar results but for 
GaAsN2.6%. 

of the 3.6% nitrogen sample before and after the eflFusion experiment. No significant 

change can be measured, except a slight shift towards higher lattice mismatch after 

annealing. It can be concluded that the number of nitrogen atoms incorporated in 

the group V slightly increased. The contrasting results between eflFusion and diflFrac

tion lead to the conclusion that part of the nitrogen atoms expelled were initially 

incorporated as defects. The possible types of defects could be intersticial nitrogen or 

nitrogen incorporated in the group III sublattice. Note that these MOCVD-DMHy 

samples are, like MOMBE-N2 samples, very stable against decomposition. 

Photoluminescence intensity is very sensitive to the presence of non-radiative de

fects. Section 3.6 will show that the PL intensity significantly increases upon an

nealing. We therefore conclude that annealing reduces the number of defects, a large 

number of them related to nitrogen. The exact nature of these defects is not known, 

but the low temperature at which the nitrogen diflFuses out of the samples indicates 

that the binding energy of the defect is low. Furthermore, since it occurs at a tem

perature lower that the growth temperature, the diflFusion coefliicient of this defect at 

the growth temperature has to be lower than the growth rate of 0.8 fim.. The increase 

in nitrogen concentration shown by the diffraction results can be used as a lower limit 

of nitrogen atoms that were not incorporated on the group V sublattice. From the 
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Figure 3.5: (004) reflection of GaAsN3.6% epilayer before 
after the effusion experiment. 

shift of the diflFraction peak, the number of nitrogen related defects is of the order of 

10^9 cm-3. 

Effusion experiments also show that hydrogen atoms can be found in the layer 

and that some are bound to nitrogen. N-H bond were observed in GaP by Clerjaud 

et al. [40]. From Fourier transform infrared spectroscopy (FTIR) transmission exper

iments, they found that nitrogen can even bind two hydrogen atoms. The presence 

of hydrogen in GaAsN grown with DMHy was also observed by Rao et al. [41]. 

In this section we have shown that nitrogen is predominantly incorporated in 

the group-V sublattice. However, significant amount of nitrogen are also found to 

be loosely bound and are expelled of the layer at relatively low annealing tempera

tures. The eflFusion experiment revealed that defect-related nitrogen, hydrogen, and 

nitrogen-hydrogen bonds could play an important role in the poor photoluminescence 

efficiency of as-grown GaAsN layers. 

3.5 Photoluminescence results 

This section presents our experimental photoluminescence results on GaAsN single 

layers as a function of nitrogen concentration. As described in Section 2.4, a precise 

determination of the bandgap with concentration is primordial. This section presents 

photocurrent and photoluminescence results on GaAsN. Low temperature and room 
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temperature photoluminescence is presented for single layers of GaAsN with nitrogen 

concentration up to 3.6%. 

Figure 3.6 shows the room-temperature photoluminescence and photocurrent for 

an epilayer of GaAsNo.7%. This sample was grown by MOMBE and active nitrogen 

was provided by cracking diatomic nitrogen. The luminescence peak energy of 1.26 

eV corresponds closely to the band-edge measured from the photocurrent experiment. 

This result clearly indicates that nitrogen in GaAs produces a severe reduction of 

the bandgap. This is consistent with other published results [3, 42, 36]. The inset 

of Fig. 3.6 shows the dependence of the PL peak for this sample as a function 

of temperature. This temperature shift is well represented by Varshni's empirical 

formula for the bandgap dependence with temperature. The a and P parameters 

used were the ones for GaAs and a zero temperature bandgap of 1.34 eV. At room 

temperature, the photoluminescence is a well-defined and relatively narrow, 75 meV, 

emission (see inset of Fig. 3.7). The overall shift between 0 K and 300K is 85 meV, 

slightly lower than the 96 meV shift for GaAs, indicating that the low temperature 

PL most probably comes from a sub-bandgap transition. However, this transition 

can be taken as an good indication of the bandgap value. 

. GaAsN 
10° r 

- 1 — I — I I I I — | — I — I — I — I — I — I - T — I — I — I — r — 1 — I — I — I I I — I I 

0.7% PL Photocurrent 
300 K 

100 200 300 

• • • • • I • • • — 

1.3 1.4 1.5 

Energy (eV) 

1.7 

Figure 3.6: Room temperature PL and photocurrent for 
GaAsNo.7% as a function of energy. The inset shows the 
temperature dependence of the bandgap of GaAsNo.7% 
and GaAs 

The low temperature (15K) photoluminescence spectra of five samples with in

creasing nitrogen concentration is shown in Fig. 3.7. The sample with 3% nitrogen did 
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not luminescence at room-temperature, so the spectra are shown at low-temperature 

for all samples. Also, as it will be described in the next section, the PL of the 3% 

sample could only be measured after thermal treatments. Even though photocurrent 

measurements could not be done on samples with more than 1% nitrogen, the close 

to bandgap luminescence was confirmed by the temperature dependence of the PL 

energy and the linear increase of PL intensity with excitation intensity over several 

orders of magnitude. 

For the 3% sample, the smooth shift and the consistent lineshape of the PL with 

nitrogen concentration demonstrates that the nature of the observed transition from 

this sample is very similar to the others. So that, if the PL is dominated by sub-

bandgap transitions due to carrier localization associated with shallow impurities or 

alloy potential fiuctuations, the PL energy is still a reliable indication for the bandgap 

of GaAsN-E=3% since those effects are generally less than 50 meV [43, 44], considerably 

smaller than the nitrogen induced shifts of interest here. The photoluminescence 

intensities in Fig. 3.7 were normalized. Since the samples were not grown at the same 

temperature, the effect of growth temperature and nitrogen concentration cannot be 

separated. The red-shift of the photoluminescence with nitrogen concentration is 

impressive. For 3% of nitrogen, the band gap reduction is approximately 400 meV 

[18], 

3 

(0 

c 
0) 

(0 

E 
o 

1.0 -

Q. 0.5 -

0 
N 

0.0 

0.56% 
x=3%1.9% 0.7% i 0.35% 

1.0 1.1 

X=0.7% 15K/ 

1.2 1.3 1.4 1.5 

Energy (eV) 
1.7 1.8 

Figure 3.7: Low temperature photoluminescence for epi-
layers of GaAsN with 0.35, 0.56, 0.7, 1.9, and 3%. The 
inset shows the PL for different temperatures for a sam
ple having 0.7% nitrogen. 
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For a given nitrogen concentration, samples can be grown at higher temperature 

in MOCVD compare to MOMBE systems [36, 34, 35]. Growth temperature can have 

a significant impact on the luminescence eflftciency. For GaAs, the PL efficiency seems 

to be optimum for growth temperatures of approximately 600 °C. Lower growth tem

perature leads to a lower intensity of the photoluminescence emission. The same 

tendency is found for GaAsN: the higher the growth temperature, the higher is the 

intensity of the luminescence emission. Figure 3.8 shows room-temperature photolu

minescence for GaAsN samples grown at 550° C by MOCVD-DMHy. 
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Figure 3.8: Room temperature photoluminescence for 
epilayers of GaAsN with 1.7, 2.2, 2.6, and 3.6% grown 
at 550° C 

Room-temperature luminescence for sample having nitrogen concentrations up to 

3.6% can be measured without thermal treatment. This is probably caused by the 

higher growth temperature and the use of DMHy [32]. For a given nitrogen con

centration, it was found that samples grown with DMHy had stronger luminescence 

compare to samples grown with cracked diatomic nitrogen. This effect might be ex

plained by a background doping produced by DMHy or the production of defects by 

high energy nitrogen ions cracked by the electron plasma. 

The samples shown in Fig. 3.8 were grown in the same conditions, therefore their 

relative intensity can be compared. The photoluminescence intensity decreases with 

nitrogen concentration. However, it is hardly possible to discern the origin of this 

effect. Increasing nitrogen concentration means higher mismatch between the layer 

and the substrate. The mismatch can be, in turn, responsible for an increased defect 
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density and a strong tetragonal deformation of the unit cell. Hence, it is impossible 

to use the luminescence intensity to correlate the theoretical prediction of Bellaiche 

et al. [9]. According to them, the intensity of interband transitions depends on the 

nitrogen concentration. For a a: = 0% composition, the conduction band minimum 

and the valence band maximum have a Fic and Ti^y symmetry, respectively. Adding 

nitrogen induces a real-space localization of the conduction band minimum wave-

function around the nitrogen atoms [5] and, therefore, a delocahzation in momentum 

space and a change in symmetry of the CBM and VMB at A: = 0. The new transition 

probability must be calculated using the reduced Tmboxic and Tmboxi5v components 

of the perturbed band structure. The overall reduction of the calculated momentum 

matrix element seems to fall linearly from 100% at 2: = 0 to 10% and x = 20% [9]. 

Compare to our PL data, from which a relative decrease can be measured, we con

clude that the effect of alloying on the PL intensity are much more severe that the 

change in band character at k = 0: The PL intensity at approximately x = 2% is a 

few orders of magnitude lower than the intensity of GaAs grown in similar conditions. 

3.6 The effect of thermal treatments on photoluminescence 

It has been demonstrated in Section 3.4 that thermal treatments on GaAsN re

duces the number of nitrogen atoms in the layer while, at the same time, increasing 

slightly the nitrogen concentration. This behavior can only be explained by the re

moval of nitrogen atoms located outside the group V sublattice. A reduction of the 

number of these atoms corresponds to a reduction of the number defects. XRD is 

not really sensitive to the number of defects while PL intensity is extremely sensitive. 

We present in this section the eflFects of annealing of the photoluminescence efficiency 

and we correlate this effect with the reduction of nitrogen-related defects. 

The presence of defects can strongly affect the interband luminescence intensity by 

reducing the carrier lifetime. The transition rate of direct band-to-band transitions is 

usually several orders of magnitude lower than non-radiative transitions via a energy 

level located in the forbidden gap. Therefore, the interband intensity is an indirect 

measure of the crystalline quality of the sample. 

Figure 3.9 shows the low-temperature photoluminescence of three MOMBE-N2 

samples before and after rapid thermal annealing. The solid curves represent the PL 

of as-grown samples and the dotted ones represent the PL of samples annealed at 

550°C for 5 minutes. The annealed samples show an improvement in luminescence 
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mtensity. For instance, the integrated PL intensity of the x=0.7% sample increases 

by a factor of 4. Since the PL intensity of GaAs subjected to a similar heat c\'cle 

decreased by a factor of 3, presumably due to surface degradation and increased 

surface recombination velocity, the results shown in Fig. 3.9 are quite significant. 

Without thermal treatment, luminescence was not observable from the sample with 

3% nitrogen. 

1.2 1.3 

Energy (eV) 
1.4 1.5 

Figure 3.9: Low temperature photoluminescence from 
MOMBE-N2 GaAsN with 0.7, 1.9, and 3%. The soHd 
curves represent PL of as-grown samples while the dot
ted ones represent the PL from the same samples, but 
annealed for 5 minutes at 550° C. 

The increase in PL intensity is even more dramatic for MOCVD-DMHy grown 

samples. We performed successive 5-minute rapid thermal annealing at different 

temperatures and monitored the PL intensity between each annealing step. Figure 

3.10 shows the room temperature PL intensity as a function of annealing temperature 

for two samples of GaAsN. A significant increase in PL intensity has also been reported 

by Rao et al. [41] after thermal treatment. 

The increase in PL intensity can clearly be followed as a function of annealing 

temperature. For both samples, the sudden increase in intensity corresponds to an 

annealing temperature between 450 and 500° C. This temperature is very close to 

the temperature at which an effusion of nitrogen was recorded, see Figure 3.4 on page 

26. The correlation between the two phenomena is clear: the increase in PL intensity 
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Figure 3.10: Room temperature photoluminescence in
tensity from MOCVD-DMHy GaAsN with 1.7 and 3.6% 
nitrogen as a function of annealing temperature. The in
sets show the PL spectra of the as-grown samples and 
annealed at 600°C. 

corresponds to a reduction of nitrogen related competing non-radiative recombination 

path. 

3.7 Bandgap as a function of nitrogen concentration 

This section presents the bandgap dependence of strained GaAsN as a function 

of nitrogen concentration. The severe closing of the bandgap is quantified and the 

value of the bowing coefficient is determined. 

Figure 3.11 shows a summary of our PL results. These are shown as the bandgap 

of strained GaAsN on GaAs plotted as a function of nitrogen concentration. Results 

from two types of samples are compiled: MOMBE-N2 and MOCVD-DMHy, see legend 

of Fig. 3.11. In addition to our results we have included those published by other 

research groups. All data taken at low temperature were correctd to present the 

corresponding room temperature energy. The datat points in Fig. 3.11 correspond 

to GaAsN samples grown on GaAs (001) only. This figure also includes calculated 

dependencies of the bandgap. The first calculation shown has been carried out by 

Sakai et al. [45] and the second by Bellaiche et al. [8]. 

Sakai's calculation is based on Van Vechten's dielectric model [46]. This method 

assumes that the overall bowing coefficient of a ABi_a;Cx-type alloy originates from 
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two eflFects. The first contribution, calculated in the spirit of the virtual crystal 

approximation (VGA), is the intrinsic bowing coefl&cient. It originates from the non

linear dependence of the energy on the average bond length between virtual atoms. 

This contribution for GaAsN is equal to 0.47 eV. The second contribution is added 

to the VGA approximation. It originates from the aperiodicity, or fiuctuation, of 

the potential through the real crystal. It is a short-range effect increasing with the 

diflterence in covalent radius of the atoms sharing the same sublattice (see Table 2.1 on 

page 10). This is the dominant contribution to the bowing coefficient in GaAsN. The 

extrinsic coeflacient is equal to 22 eV. This model predicts a composition independent 

bowing coeflScient and a closing of the GaAsN bandgap at a nitrogen concentration 

of approximately 10% [45]. 

Bellaiche's method is based on a pseudopotential model. A short description of 

the method can be found in Section 2.3. There is a diflFerence however, the calcula

tion presented here was made for a random solution of GaAsN [8]. This theoretical 

calculation predicts a bowing coefficient that is dependent on the composition and 

equal to approximately 7.5 eV at a; —)• 0. As the concentration increases, the bowing 

vary in such a way that closing of the bandgap never occurs. 

The bandgap predictions from the two models mentioned above are shown in Fig. 

3.11 for bulk GaAsN and for strained GaAsN on GaAs. As expected, the eflFect of 

strain, at any composition of GaAsN, is a slight bandgap reduction. 

It can be seen from this figure that the experimental results, represented by the 

colored symbols, show very good consistency. Even though the growth methods, 

growth temperatures, and nitrogen precursors often differ, the bandgap dependence 

on composition is very similar. At low nitrogen concentration, it seems that Sakai's 

calculation agrees quite well with the experimental data. However, a significant de

viation seems to occur at concentrations above 2%. It is hardly possible to praise 

or criticize one model over the other due to narrow range of nitrogen concentrations 

covered. A real test would be a sample with approximately 10% of nitrogen. 

The bandgap reduction is very high even for low nitrogen concentrations. For 

3.5% nitrogen, the bandgap reduction is greater than 400 meV. In this low concen

tration range, we have determined the bowing coeflficient is as high as 18 ± 2 eV for 

MOMBE-N2 and 16 ± 2 eV for the MOCVD-DMHy samples. However, the concept 

of a bowing coefficient as described in Section 2.3 is inappropriate. The bowing was 

introduced by Cardona [48] in 1963 to account for a slight deviation between a linear 

interpolation of the bandgap and the experimental data. The deviation is usually so 
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Figure 3.11: Bandgap of GaAsN as a function of nitrogen 
concentration. Experimental and theoretical results of 
several research groups are shown. Please refer to Table 
3.2 for references. 

Table 3.2: Description of data compiled in Figure 3.11. 
Characterization „ . „ -

.- - Temperature Reference 
method 

Author 

This work: 
MOMBE-N2 
This work: 
MOCVE-DMHy 

Ougazzaden 

Perkins 

Weyers 

Kondow 

Sakai 

Bellaiche 

Photoluminescence, ,„ , ^^^^^ 
„, , ^ 1 3 and 300K 
Photocurrent 

Photoluminescence 

Photoluminescence, 
absorption 

Electroreflection 

Photoluminescence, 
Absorption 

Photoluminescence 

VGA model based 
on Van Vechten's 

model 

Pseudopotential-
type 

calculation 

NA 

NA 

[18] 

300K 

13 and 300K 

300K 

77K (PL), 
300(Abs.) 

77k (PL) 

not published 

[36] 

[47] 

[37] 

[42] 

[45] 

[8] 
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small that the full composition range is needed to notice the deviation. On the scale 

of Fig. 3.11, a fit of the data using Equation 2.1 can be approximated by a linear 

function. However, it is clear that experimental energies cannot be described, even 

in this small concentration range, by a straight line. Therefore, the bowing coeflft-

cient needs to be composition dependent. This is an excellent argument in favor of 

Bellaiche's model. The concept of bowing coeflacient as defined by Cardona cannot 

account for large deviations. Therefore, a new and more general concept of bandgap 

dependence on composition needs to be developed to describe the dependence found 

for GaAsN. 

Both calculations illustrated in Fig. 3.11 were done for random alloys and neglect 

the effects of spontaneous ordering. The eflFect of short- [10] and long-range ordering 

[7] on the bandgap of GaAsN has been investigated by Bellaiche et al., who pointed 

out a large diflFerence in the bowing coefl&cient of random and ordered alloys. This 

diflFerence is especially large for low nitrogen concentrations. The larger bowing co

efficient in ordered GaAsN results in a smaller bandgap. A discussion on ordering is 

made in Chapter VI. 

The bandgap dependence of GaAsN on nitrogen composition was presented and 

compared to other published results. The growth technique, the growth tempera

ture, and the nitrogen precursor do not affect this dependence. For example, taking 

into consideration the experimental uncertainty, the bowing coefficient calculated for 

MOMBE-N2 and MOCVD-DMHy samples is the same (18 and 16 eV, respectively). 

The data was compared with two types of calculations. Neither of them shows sat

isfactory agreement. Finally, the bowing coefficient was shown to be concentration 

dependent. Hence, this quantity is not appropriate for the description of the bandgap 

of GaAsN. 

3.8 GaAsN with low nitrogen concentrations 

One of the principal objectives in the GaAsN project has been to incorporate and 

characterize samples with maximum nitrogen concentrations. However, properties 

of GaAs with nitrogen concentrations in the impurity level might reveal information 

on the formation of the bandgap of GaAsN and its unusual dependence. This sec

tion presents photoluminescence results of GaAsN with nitrogen concentrations from 
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0.05% to 0.5%. Low temperature PL reveals several features that cannot be asso

ciated with common extrinsic recombination mechanisms found for GaAs. GaAsN 

samples show complex spectra very similar those found for nitrogen doped GaP. 

Experimental results presented in this section were obtained from samples grown 

by MOMBE with DMHy as the nitrogen precursor. The concentration of nitrogen was 

determined by x-ray diflFraction (XRD) and secondary ions mass spectrometry (SIMS). 

Photoluminescence was measured as a function of several parameters: temperature, 

excitation intensity, sample growth temperature, and nitrogen concentration. These 

results reveal that nitrogen associated centers of unknown composition and configu

ration interact with each others to yield highly eflBcient radiative recombination. 

Two samples of low nitrogen concentration were grown by MOMBE with DMHy. 

All growth parameters were identical, except the substrate temperature which was 

varied from 500 to 600^C. Figure 3.12 shows the nitrogen concentration profile mea

sured by SIMS. As it can be seen, decreasing the growth temperature increases slightly 

the nitrogen incorporation. It this case, growing at 500 instead of 600°C increased the 

nitrogen concentration by approximately 40%. The inset shows the (004) reflection 

for the same samples. Even for a nitrogen concentration of approximately 0.1%, the 

lattice mismatch can be measured. 
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Figure 3.12: Nitrogen concentration profile measured by 
SIMS for two low x samples. The growth temperature 
was varied from 500 to 600 °C. The inset shows the (004) 
diffraction patterns mccisured from these samples. 
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The change in growth temperature had a drastic eflFect in the low-temperature 

photoluminescence results. Figure 3.13 shows the PL spectra for the two samples 

described above. Both spectra show several sharp features positioned well below the 

bandgap of GaAsN at this concentration and temperature {Egap,x=o.i%{T = 0) ^ 1.494 

eV). The diflFerence in recombination mechanisms for these samples is so striking 

the diflFerent recombination mechanisms are probably involved. We suspect that the 

growth temperature does not only aflFect the nitrogen concentration, but also the 

nitrogen distribution in the layer. 

The sharp features seen in Fig. 3.13 do not resemble any extrinsic radiative 

recombination commonly seen in PL of GaAs. The optical activation energies are 

typically much lower than those observed here (usually less than 50 meV [49, 44, 

43]). Moreover, the presence of what seems to be phonon replica (peaks at 1.332, 

1.373, and 1.407 eV) is typical of highly localized states. The rich nature of the 

spectra, the high activation energies, the localized nature of the recombination, and, 

above all, the presence of a significant amount of nitrogen atoms directly lead to 

the presumption that recombinations involving nitrogen pairs occur. Isoelectronic 

impurities were described in the introductory chapter (see page 9). Since the binding 

energy of excitons bound to nitrogen pairs depends on the separation between the 

atoms forming the pair, this could explain the presence of numerous peaks. 
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Figure 3.13: Low temperature PL of GaAsNo.i% grown 
at 500 and 600°C. Peaks are identified with arrows 

The presence of very similar features has been reported recently by Saito et al.[50] 

in nitrogen doped GaAs. To confirm that these features involved nitrogen pairs, they 
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did a simple but elegant demonstration. They have varied the average distance be

tween nitrogen atoms. To do so, they have grown two single atomic layers of GaAsN 

separated by a GaAs of thickness d. They found that the numerous peaks composing 

the spectra measured on thick GaAsN layers could also be obtained by varying the 

barrier separation d in the double atomic layer structure. However, the relative inten

sity of some peaks varied strongly as a function of d, yielding important information 

about separation of the nitrogen atoms producing the luminescence features. Figure 

3.14 shows the low temperature PL spectra as a function of barrier thickness. The 

intensity of the peaks denoted NNf changes from one sample to the other. The peaks 

NN^ and NN^ were always present, even at large value of d. They were therefore 

associated with nitrogen pairs formed by two atoms in the plane of the atomic layer. 

The other peaks, NN^, N'ND, and NN^;, are absent in PL from single GaAsN quan

tum wells while they dominate in the PL of uniformly doped layers. Therefore, these 

peaks were assigned to three-dimensional pairing of nitrogen atoms. 
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Figure 3.14: Low temperature PL for atomic layers of 
GaAsN separated by a thickness d of GaAs. The upper
most curve shows the PL for an uniformely doped layer. 
After Saito et al. [50] 

Table 3.3 describes the notation and the configuration of the first ten nitrogen 

pairs (corresponding to the smallest atom separations). Since the binding energy 

of an exciton decreases with the separation of atoms forming the pair, it might be 

possible to assign the luminescence peaks to specific pairs. Using the type of pairing 

(2D or 3D) and the information of Table 3.3, the assignment proposed by Saito et al. 
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Table 3.3: Orientation, separation, and number of equiv-
alent sites for the first ten nitrogen pairs 

NNi 

NNi 

NN2 

NNsi 

NN4 

NN5 

NNe 

NN7 

NNg 

NN9 

NNio 

Nx 

Orientation 

[110] 

[200] 

[211] 

[220] 

[310] 

[222] 

[321] 

[400] 

[411] & [330] 

[420] 

all 

Separation (ao) 

v/̂  
1 

v/i 
V2 

\/i 
V3 

yi 
2 

/̂i 
\/3 
0 0 

Equivalent site, n 

12 

6 

24 

12 

24 

8 

48 

6 

24 & 12 

24 

0 0 

in ref. [50] is, in order of increasing binding energy, NNi at 1.4284 e\\ NN3 at 1.4493 

eV, NNe at 1.4583 eV, NN7 at 1.4623 eV, and NNio at 1.4760 eV. Due to the localized 

nature of the isoelectronic potential, it is a complicated task to calculate the binding 

energies of excitons to N pairs. Therefore, the assignment of the luminescence peaks 

to specific pairs is solely based on qualitative arguments. More detailed experiments 

must be performed. 

Using the energies of the NN pairs measured by Saito et al. and comparing with 

our photoluminescence results, there is a very good agreement with the GaAsNo.i% 

sample grown at 600°C. For clarity. Figure 3.13 is repeated, but now assigning a 

notation to the major features. Figure 3.15 shows the notation that will be used 

through the rest of this section. PR is the abbreviation for phonon replica. Even 

though we adopt the results of reference [50], the pair assignment and the notation 

NNf is only indicative of energy dependence on nitrogen atom separation. Assignment 

of a PL feature to a specific pair requires extensive characterization that has not been 

done yet. So, from now on, we reinterpret the NN^ notation and define it as nitrogen 

pair related photoluminescence and the index i only represents the relative separation 

of nitrogen atoms. 
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The sample grown at 500°C shows a dominant feature at 1.36 eV (see Fig. 3.15). 

This feature is labeled X. No nitrogen pair can be assigned. While this very differ

ent spectrum cannot be explained by the slightly higher nitrogen concentration, the 

growth temperature might affect the nitrogen distribution in the layer. 

>» 1 . 0 
(0 

c 
0 

.#—• 
c 
_J 
Q. 

m
al

iz
ed

 
o

 
bi

 

L . 

o 
z 

0.0 

1 ' r 

• GaAsNo,^ 

• 
. 

* 

J g r o w , h = 5 0 0 v ^ y 

Jr 

y 

-T=15K '^ 
1 . 1 

1.25 1.30 

- I 1 1 1 1 1 — 

1 t 

^ 1 \ z '^ \ z w \ \\ 
.A 1 J 
T \ ( 

\ K / 
V ] Q. / 

z" 
z 
I 

Jy\J^ ^ ^ \ Y 
•^-""^ a. 

a. 
1 . 1 , 1 

1.35 1.40 1.45 
Energy (eV) 

' 1 

e 

z" 
z . 

1 

1.50 

1 

• 

• 

T ..=600-
' growth '^^^ 

. 
y 
\ \ 

^ ^ 

1.55 

Figure 3.15: Low temperature PL of GaAsNo.i% grown 
at 500 and 600''C. Peak assignment is indicated. 

Fig. 3.16 shows the dependence of the photoluminescence of the sample grown at 

600°C on excitation intensity. The peaks were normalized to their dominant feature. 

At a relative excitation of 0.5%, the rate of increasing intensity with excitation is 

linear for all features. At a relative excitation of 12%, all features below 1.442 eV 

begin to saturate (the peaks labeled NNi and NN3 saturate first). At an excitation 

intensity of 50%, NNe begins to saturate while NNi and NN3 are strongly saturated. 

Up to relative intensities of 500%, NNio do not show signs of saturation. Another 

feature, located at 1.5 eV, can clearly be seen at high excitation. This energy approx

imately corresponds to the band edge of GaAsN, but it is to close to the extrinsic 

recombination energies of the GaAs substrate for a reliable identification. 

Assuming a random distribution of nitrogen atoms in the GaAs matrix, the rela

tive number of NNj pairs increases rapidly with i. The concentration of NNj is given 

by [21] 

[NNi] = 
THN^ 

2 Ân 
(3.1) 
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where n̂  is the number of equivalent pairs (see Table 3.3) and Â  and Âo are the nitro

gen concentration and the concentration of group-V sublattice sites, respectively. For 

example, the ratio of concentration of NNio pairs to the concentration of NNi is 1/2. 

It means that it is easier to saturate NNi centers than NNIQ. At very low excitation, 

the dominant features of the spectra come from pairs with a short separation. This 

is probably due to tunneling of excitons to states of lower energies. 
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Figure 3.16: Low temperature PL of GaAsNo.i% grown 
at 500 and 600''C as a function of excitation intensity. 

Similar experiments were attempted on the sample grown at 500°C. The excitation 

intensity was varied over more than three orders of magnitude, but the peak labeled 

X in Fig. 3.15 do not show any clear signs of saturation. It is the dominant feature 

at all excitation intensities and none of the NNj peak energy can be seen. 

Low temperature photoluminescence has been measured as a function of nitrogen 

concentration. Figure 3.17 shows the PL spectra for five samples of GaAsN. The 

nitrogen concentration varies from x — ^ to x — 0.4%. These samples were grown 

by MOMBE-DMHy and the growth temperature was kept constant at 450*^C. Again, 

all features observed are found at energies well below the expected bandgap for their 

respective concentration. Several features identified in the previous samples can be 

recognized. The NNi and NNio features are seen for the 0.05% and 0.1% samples 

and disappear for higher nitrogen concentration. For the 0.1% and 0.25% sample, 

the peaks labeled X and Y dominates the spectra. Note that from 0.1 to 0.25%, the 

intensity of the peak labeled Y is transferred to the peak labeled X. The NNIQ and X 

transitions show several phonon replica. As the nitrogen concentration increases, from 

42 

w^&k 



I^UMiilHHlMfe»«ii annyp"»fimwinMiii»ii»»-in 

0 to 0.4%, the optical activation energy of the dominant features clearly increases. 

These optical activation energies can either be defined from the bandgap of GaAsN 

and GaAs. Only activation energies defined from the bandgap of GaAs are consistent 

from one sample to the other. Therefore, up to concentration of at least 0.25%, the 

samples behave like nitrogen doped gallium arsenide. 
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Figure 3.17: Low temperature PL of GaAsN as a function 
of nitrogen concentration. The nitrogen concentration is 
indicated along with the calculated average distance be
tween nitrogen atoms. The major features are indicated 
by vertical lines. 

The average distance between nitrogen atoms is given by (l/N)^^ where N is the 

nitrogen concentration in the anion sublattice. Therefore, it can be concluded from 

Fig. 3.17 that the features labeled NNio, NNi, Y, and X correspond to radiative 

recombination involving the increasing interaction between N atoms. It is also clear 

by comparing Figures 3.15 and 3.17 that a lower growth temperature produces a PL 

spectrum similar to one obtained from a sample of higher nitrogen concentration. 

It strongly suggests that the peaks labeled X and Y might involve the presence of 

nitrogen clusters. This is consistent with the high binding energy of these features. 

Since two nitrogen atoms bind an exciton more strongly than a single atom, it can be 

expected than three or four nitrogen atoms would bind an exciton even more strongly 

[51]. 

The samples presented in this section seemed to behave like nitrogen doped GaAs 

instead of a GaAsN alloys. Figure 3.18 shows that the role played by nitrogen might 
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be diflFerent with temperature. This figure shows the energy of the PL features seen 

from a sample of GaAsNo.i% grown at 450*̂ C as a function of temperature. The low 

temperature spectra was already shown in Fig. 3.17. At low temperature, photo

luminescence originating from NNi, Y and X can clearly be identified. The optical 

activation energies for these transitions, defined from the GaAs bandgap, are 84, 122 

and 159 meV, respectively. Phonon replica, approximately 33 meV below transition 

X, can be observed. As a reference, the uppermost curve of Fig. 3.18 shows the 

bandgap dependence of GaAs as a function of temperature calculated from Varshni's 

empirical formula. The same dependence, but translated to lower energies 30 meV, 

fits well a feature appearing at approximately 50K. This feature, the only one ob

served at room temperature is assigned to the bandgap of GaAsN. The bandgap at 

room temperature agrees well with the data compiled in Fig. 3.11. 

For GaAsN samples with nitrogen concentrations up to 0.25%, it seems that a 

dual behavior exists: at low temperature transitions defined with respect to the GaAs 

band edge dominate while at room temperature alloying on electronic properties takes 

place. A transition from isoelectronic doping to alloy formation has been seen with low 

temperature PL in GaP as a function of concentration [30]. However, it is reasonable 

to expect a similar transition as a function of temperature, since thermal energy 

usually minimizes the effect of local fluctuations in potential, especially atomic size 

potential. 
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Figure 3.18: Energies of the all PL features of GaAsNo.i% 
as a function of temperature. The bandgap dependence 
on temperature of GaAs is shown for reference 
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It has been said in Section 2.1 that a nitrogen atom in GaAs makes a resonant 

state in the conduction band. That was the conclusion made by Wolford [28] and Liu 

[29]. Such a level cannot be seen from photoluminescence, unless hydrostatic pressure 

is applied to increase the gap energy until the resonant state is moved into it. The 

results reported here and by Saito [50] seem to show that this is not always the case. 

In the final part of chapter, we will try to explain this discrepancy. 

The first important difference between early investigations of N doped GaAs and 

the samples investigated here is the nitrogen concentration. For instance, samples 

studied by Liu had a nitrogen concentration of approximately 10^̂  cm~^ while the 

samples studied here have a concentration of more than 10̂ ^ cm~^. Two orders 

of magnitude more nitrogen could significantly aflFect the nitrogen related features. 

However, the effect of strain would not be sufficient to explain the apparition of 

nitrogen-related states into the gap. Makimoto and Kobayashi [52] proposed that a 

large change in local symmetry around nitrogen atoms is the reason. According to 

them, a deviation from the ideal tetrahedron structure, caused by the bond length 

difference between Ga-As Ga-N, could move the nitrogen resonant state into the gap. 

However, this explanation has not been demonstrated. The origin of these nitrogen 

related lines will be controversial until a complete set of experiments will be done. 

For the interpretation of our data, lets assume that nitrogen is a resonant state 

in the conduction band of GaAs. We think that other eflFects could account for 

the GaP-like PL spectra observed in this work. First, the existence of nitrogen rich 

GaAsN clusters must be taken into account. At nitrogen concentrations of about 10^̂  

cm~^, it is statistically highly probable for clusters to appear, especially if clusters 

minimize local strain. We found out in this section that low growth temperature 

or higher nitrogen concentration results in the same photoluminescence features and 

we concluded that clustering could probably explain this eflFect. Small clusters of N 

atoms would increase the binding energy of excitons and pull deeper into the gap 

nitrogen related levels. This eflFect was observed by Permogorov in ZnSn:Te [51]. 

Even thought Te is a resonant state in the allowed electronic band, small clusters of 

more than two atoms in nearest-neighbor positions form a localized state that can 

bind excitons. Therefore, the recombination of excitons bound to a group of nitrogen 

atoms is possible and probable. 

Another important eflFect to keep in mind is the interaction of nitrogen with ac

tivated impurities. The samples characterized in this section were grown by DMHy. 
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It is well known that metal-organic precursors usually contribute to the incorpora

tion of impurities, especially carbon. Moreover, DMHy is known to contain N-CH3 

and N-H complexes and it has been demonstrated by Rao et al. that, along with 

carbon, important concentrations of hydrogen atoms are incorporated in GaAsN. For 

instance, SIMS results indicated hydrogen concentrations of approximately 10 °̂ cm~^ 

for samples with nitrogen concentrations of 10̂ ^ cm-^[41]. They also have shown that 

the hydrogen distribution is unchanged after thermal treatment, indicating that hy

drogen could be bound to nitrogen atoms. The existence of N-H bonds has been 

demonstrated by the effusion experiment of Section 3.4 and such an affinity between 

nitrogen and hydrogen has already been demonstrated in GaP:N. Infrared studies 

revealed the existence of N-H and N-H2 complexes in GaP [40]. The effect of such 

complexes is hard to predict, but it would be very likely to aflFect the recombination 

mechanisms. The interaction of nitrogen with other impurities has also been demon

strated. Even though isolated nitrogen weakly influence the electronic properties of 

GaAs, its association with other impurities changes their activation energies [53]. 

Our low-temperature PL results seem also to indicate that the eflFects of the ni

trogen precursor might be important. Samples grown with DMHy, presented in this 

section, show several features located deep into the forbidden gap. On the other 

hand, the PL shown in Fig. 3.7, on page 29, was obtained from samples grown with 

N2 dissociated by an electron plasma. The spectrum of the sample with 0.35% nitro

gen shows a single peak at 1.41 eV, this peak probably originates from an extrinsic 

transition close to the expected bandgap of GaAsN. In our point of view. DMHy is 

more likely to incorporate impurities than the gaseous source of diatomic nitrogen. 

This diflFerent behavior as a function of the nitrogen precursor suggests strongly that 

the features identified in this section are not from simple nitrogen pairs, but from 

impurities associated with nitrogen atoms. 

In conclusion, even if nitrogen atoms have been proven theoretically and experi

mentally to make a resonant state in the conduction band, nitrogen related transitions 

can clearly be seen without external perturbation. From the photoluminescence spec

tra, we can postulate that these transitions originate from the interaction of nitrogen 

atoms as proven by Saito et al. [50]. However, the transitions observed probably in

volve more than two nitrogen atoms. The formation of nitrogen clusters and the eflFect 

of impurity-nitrogen interaction most be carefully studied for a precise determination 

of the configuration of the nitrogen complexes involved. 
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CHAPTER IV 

GaAsN/GaAs MULTIPLE QUANTUM WELLS 

This chapter describes the characterization work done on GaAsN/GaAs multi

ple quantum wells. X-ray diflFraction is used to estimate the characteristics of the 

structure and photoluminescence is used to measure the energy of optical transitions. 

From these results, we tentatively evaluate the valence band oflFset as a function of 

concentration. 

As the confining dimensions are reduced to values close to the de Broglie wave

length (200-400 A) associated with the confined carrier, quantum eflFects occur. En

hanced optical properties result from confinement eflFects. For example, singular 

points in the density of states, the increase real-space electron-hole wavefunction 

overlap, and discrete energy levels all contribute to increase the eflficiency of inter

band transitions. Semiconductor lasers take advantage of the properties of quantum 

structures since they drastically reduce threshold currents of the device. 

Assuming a single confining direction denoted z, each band is splitted in distinct 

subbands due to the quantization of the wavevector kz. These new subbands are 

located at energies higher than the original band. The number of subbands and their 

relative position are determined by the confining potential, the eflFective masses in the 

allowed and forbidden regions, and the width of the allowed region. Accordingly, since 

kz assumes discrete values, the density of states in each band is considerably altered: 

it is not continuous anymore and shows confinement-induced singular points. The 

shape of the dispersion curves -E'(k) will also be affected, especially for the light and 

heavy holes due to mixing effects. In the treatment of optical properties of quantum 

structures, we are mostly interested in direct transitions occurring at the F point 

{k^ = ky = 0), so that the quantization energy is the most important consequence of 

confinement. 

Confinement occurs only if the bands forming the double heterostructure are prop

erly aligned. Not every pair of semiconductor material can be used to make quantum 

wells. The band alignment of GaAsN with respect of GaAs has not been measured 

yet. It is very interesting to know the type of alignment and the magnitude of the 

band oflFset. The band oflFset is a very important parameter that controls the con

finement energy of carriers. Even if an accurate value is usually not needed, device 

design at least require a good estimate. 
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The first part of this chapter describes the major types of band alignment found for 

common semiconductor heterostructures. The results of two contradicting predictions 

for the band alignment are represented. XRD and PL results for several multiple 

quantum wells structures are shown. Attempts to replicated the PL energies from 

these structures with calculated optical transitions lead to a curious dependence of 

the band alignment on the nitrogen concentration. Finally, the accuracy and validity 

of these results are discussed. 

4.1 Band alignment: Types I and II 

The value quantifying the alignment of the valence bands of two semiconductors 

is called the valence band offset. This is an important parameter characterizing an 

heterostructure. There are several types of band alignments, the two major ones are 

called type-I and type-II. Figure 4.1 shows these two types of band alignment for a 

superlattice made of two arbitrary semiconductor materials A and B of bandgaps E^ 

and £'f, respectively. 
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Figure 4.1: Schematic representaion of type-I and II band 
alignments. The black arrows show the bandgaps and 
band oflFsets. (a) Type I, (b) Type-II. The thick arrows 
show the transition of lowest energy that can occur from 
these structure. 

Part (a) of Fig. 4.1 shows the type-I alignment where the condition and valence 

bands of the small bandgap material B are the lowest energy states accessible to 

electrons and holes. This leads to confinement of both types of carriers in the low 
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bandgap semiconductor. The valence band oflFset (VBO) is positive and is defined 

by the diflFerence in valence band energies EYBO = E^^ - E^^. The energy of 

an optical transition as seen from PL is Ep^ = E^ -j- Ee -\- E^, where Ee and Eh 

represents the confinement energies of electrons and holes, respectively. The band 

oflFsets indirectly influence optical transition energies since it defines the distribution 

of the bandgap diflFerence {E^ -Eg) to the conduction and valence band oflFsets 

producing the confining potential. Lasers and most other devices are based on the 

characteristics of type-I heterostrucutures. Since the carriers are confined to the same 

region, the overlap of the electron and hole wavefunctions is high and makes carrier 

recombination very efficient. 

For type-II alignment, electrons and holes are confined to diflFerent regions in space. 

Electrons (or holes) are confined in material B while holes (electrons) are confined 

in material A. The band offsets now play an explicit role in the determination of the 

energy of the transition: Epi = E^ - AE^ + Ee + Eh = Ef - AEc -\-Ee + Eh. For 

the alignment shown in part (b) of Fig. 4.1, where electrons are confined in the low 

bandgap material, the valence band oflFset is negative and the conduction band offset is 

positive. Opposite signs are obtained for the case where holes are confined to the low 

bandgap material (not shown). Type-II optical transitions originate from an effective 

bandgap always lower than the small bandgap material. This transition is spatially 

indirect. Such structures are used to make middle and far infrared light-emitting 

devices from materials of relatively large bandgaps but with a large negative VBO 

[54]. It is also possible, in the case of short period AlAs/GaAs [55] and AlP/GaP [56] 

superlattices, to obtain indirect transitions in both real and momentum space. 

The type of band alignment is a very important characteristic of an heterojunction. 

It the case of GaAsN/GaAs, type-I band alignment is preferable for the types of 

applications mentioned in Section 1.2, since confinement of both types of carriers 

in the same region is preferred for performing devices. Therefore, the band oflFset 

between GaAsN and GaAs is an important parameter to be determined. The next 

section will present theoretical results published on that matter. 

4.2 Theoretical results on the valence band offset 

The natural valence band oflFset (VBO) between GaAs and cubic GaN has been 

measured and calculated by various methods. Table 4.1 shows some published values 

for the valence band offset. Most values show that the heterostructure is type-II: 
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Table 4.1: Published values for the natu
ral valence band oflFset between GaAs and 
cubic GaN 

Method 

Synchrotron-radiation 
photo-emission 
troscopy 

Calculated 

Calculated 

Calculated 

Calculated 

spec-

—EvBO 

1.84 eV 

1.85 eV 

2.04 eV 

2.18 eV 

\ TpGaN 
> ^gap 

Reference 

Ding et al. [57] 

W. Monch [58] 

A. Fazzio [59] 

S.-H. Wei et A. 
Zunger [60] 

Sakai et al. [45] 

Electrons are confined in GaN and holes in GaAs. The band oflFset calculated by 

Sakai predicts a type-II misaligned heterostructure [45]. It means that the top of the 

GaAs valence band is above the bottom of the GaN conduction band. In this very 

special case, the superlattice behaves like a zero-gap semiconductor. 

Even though the published VBO values differ significantly, the important point 

is that the heterostrucure type has to be type-II for GaAsN/GaAs at high nitrogen 

concentrations. However, it is delicate to predict the band alignment for low and 

intermediate nitrogen concentrations (0 < x < 20%). Figure 4.2 shows band edges 

for GaAs and GaN and a linear interpolation of the conduction and valence band 

edges. The VBO between GaAs and GaN is taken from Wei's calculations (see Table 

4.1). The linear interpolation yield a valence band edge shift of approximately 22 

meV/%. 

Assuming that the VBO can be interpolated, the conduction band edge shifts 

towards lower energies even more rapidly due to the large bowing coefficient. The 

resulting conduction band edge shift would be approximately 135 meV/%, so that a 

GaAsNi%/GaAs quantum well would strongly confine electrons to the GaAsN layer 

and holes to the GaAs barrier. However, such prediction must be made with reserve. 

It might be less than accurate to assume a linear dependence of the VBO, especially 

since the bandgap itself suggests that a strong deviation from linearity could be 

expected (see Section 3.7). 

Bellaiche et al. have calculated the positions of the conduction and valence band 

edges as a function of nitrogen concentration [7]. Their results are shown by the 

solid in Figure 4.2. According to their calculation, the shift of band edges is indeed 
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Figure 4.2: Conduction and valence band edges of GaAs 
and cubic GaN. The heterostructure is type-II. Linear 
interpolations of the band edges are shown (dotted lines). 
The position of band edges as a function of concentration, 
as calculated by Bellaiche [7], are shown by the solid 
curves. 

far from a linear interpolation. Interestingly, the band alignment is predicted to be 

type-I up to nitrogen concentrations well above 50%. 

The situation for GaAsN seems to be very different compare to common III-V 

alloys. Usually, it is adequate to assume a linear shift of band edges. In our case, it 

is difficult to predict what is the type of heterostructure or, at least, it is dilicate to 

use qualitative arguments to justify one type of alignment over the other. Clearly, 

experimental determination of the valence band offset is needed. 

4.3 Experimental optical transition energies 

In this section, the characterization of several multiple quantum wells of GaAsN/GaAs 

is presented. Growth parameters were adjusted to growth the desired structures and 

x-ray diffraction (XRD) was used to experimentally confirm concentrations and thick

ness. Once the quality of the structure is judged adequate, optical characterization 

is done with photoluminescence. 

The results presented in this chapter were from samples grown by MOMBE with 

DMHy as the nitrogen precursor. The notation used to describe the characteristics of 
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a given superlattice is N x [x%, t^eii — harrier]^ where x is the nitrogen concentration, 

tyjeii and tbarrier ^rc the GaAsN and GaAs thickness and N is the number of repetitions. 

The first set of MQW consists of four samples. Two of them had a nitrogen 

concentration of 0.5% and the two others have 0.7%. For these two concentrations, 

there were two samples with different well thickness 50 and 80 A. The GaAs barrier 

width is kept constant at approximately 200 Aand the number of repetition is always 

5. Such a set of samples should, in principle, allow us to characterize the effects of 

well thickness and composition on optical transitions. 

The first step in the characterization of these samples was to determine if the 

growth procedure yielded the desired structure. X-Ray diffraction is used for that 

purpose. Figure 4.3 shows the diffraction pattern for two samples. The bottom panel 

shows the recorded and simulated spectra for 5x[0.5%, 5nm - 20nm] and the upper 

panel shows similar spectra for the 5x[0.7%, 8nm - 20nm]. 

-2000 -1000 0 1000 2000 

Relative Angle, 0-20, (arcsec) 

Figure 4.3: (004) DiflFraction pattern of two 
GaAsN/GaAs superlattices. The lower pattern in 
both panels are simulated pattern. 

Typical diflFraction features of superlattices like satellites and fringes can be ob

served. It is difficult to determine the characteristics of the structure due to the low 

average composition (averaged over one period) of approximately 0.1%. This low 

value is responsible for the small separation between the principal satellite and the 

substrate peak. Using the procedure described in [61], it is possible to estimate the 

period and average composition and then use them as input parameters into a sim

ulation program. The parameters of the structures were determined from the best 
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match between measured and simulated patterns. The parameters used in the simu

lated spectra of Figure 4.3 are in good agreement with the initial desired values. The 

relative uncertainty is less than 10% on both the well composition and width. This 

relatively high uncertainty is due to the low contrast between the well and barrier. 

Room temperature PL for this set of MQW is shown in Fig. 4.4. Many details 

can be noticed from this figure. First, increasing well width and nitrogen concen

tration decreases the PL energy. Second, the PL intensity decreases with increasing 

well width and nitrogen concentration. The first eflFect is expected while the second, 

concerning the intensity, is more delicate to analyze quantitatively. Increasing nitro

gen concentration and well width means higher strain and lower quality layers. Even 

though adding 0.2% to the nitrogen concentration and 3 nm to the well width might 

seem to be a small variation, the relative increases with respect to the initial values 

are 40 and 60%, respectively. 
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Figure 4.4: Photoluminescence spectra for a set of four 
GaAsN/GaAs MQW. The photoluminescence energy is 
indicated by arrows. The vertical lines indicate the esti
mated bandgaps of the corresponding single layers. 

The vertical lines on Figure 4.4 indicate the values of the bandgap for strained 

single layers of 0.5 and 0.7%. For the purpose of analyzing the energy levels of AIQW, 

there is a significant uncertainty in the value of the bandgap, as it can be seen from 

Figure 3.11, for a given concentration. GaAsN bandgap values were interpolated 

from the dependence measured on MOMBE-N2 and MOMBE-DMHy samples [18]. 

This dependence on nitrogen concentration yields slightly lower bandgaps than other 
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published results. Therefore, it is probable that the intrinsic bandgap of GaAsN would 

be slightly higher than the interpolated values. Keeping in mind the uncertainty of 

experimental values, it is possible to analyze optical transition energies of the quantum 

wells. 

An important detail can be noticed from Figure 4.4. With respect to single-

layer bandgaps, the confinement energy seems to change considerably with nitrogen 

concentrations. The confinement energy seems to be higher for the 0.5% samples. It 

has been said that the uncertainty on the bandgap is not negligeable, but the change 

in energy with concentration close to a given concentration XQ, dEgap{x)/dx\xo, is 

known to a much better accuracy. One look at Fig. 3.11 readily shows that the slope 

is almost constant for all published results. So, taking the change in bandgap with 

concentration instead of the bandgap itself oflFers advantages. Table 4.2 shows the 

variation in PL energy for the MQW and the single layers (SL) as a function of one 

parameter of the well. The parameters varied are either the concentration or the well 

thickness. For thickness change of 2 nm, the PL energy shift shows that confinement 

of at least one type of carriers exists. For concentration variation of 0.2% nitrogen 

from 0.5 to 0.7%, the bandgap changes by 31 meV for single strained layers [18]. 

Assuming a type-I heterostructure, a similar variation should be observed for 

quantum wells. In fact, the variation should be smalled than 31 meV due the the 

increased confinement energies. The observed variation measured from the spectra 

shown of Fig. 4.4 and compiled in Table 4.2 is unexpectedly high (71 and 62 meV). 

Such a large deviation might be explained by a type-II band alignment. 

Table 4.2: PL energy variations for MWQ 
and single layers (SL) as a function of con-
centration or well width variations 

Variation 

Ax 

At 

AE 

MQW 

5 nm -)• 71 meV 

8 nm ^ 62 meV 

0.5% -^ 39 meV 

0.7% -^ 30 meV 

SL 

31 meV 

Figure 4.5 shows the PL spectra for a second set of MQW. The nitrogen com

position is kept constant (0.41%), but the well and barrier widths are varied. The 
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composition is determined from the XRD results on the the single layer. The rela

tively low thickness of the wells and barriers makes it impossible to measure them 

independently via diffraction. It is assumed that the sample characteristics are known 

from the good control over deposition parameters and calibrated growth rate. The 

analysis of the PL energies from Fig. 4.5 cannot easily be done qualitatively, espe

cially for thin barrier superlattices since tunneling might have important effect on 

the energy. However, eflFects of confinement, on a least one type of carrier, are again 

clearly seen. 

300K 
10° IT 

3 

>> 
w 
c 
(U 
c 

[0.41%, 2 . 5 - 2 0 nm] 

[0.41%, 2.5- -2 nm] 

[0.41%, 5 - 2 nm] 

10-

10-
0.41%, SL 

j J i i j . 
1.2 1.3 1.4 

Energy (eV) 
1.5 

Figure 4.5: Room temperature photoluminescence spec
tra of a set of three GaAsN/GaAs MQW and one single 
layer. The nitrogen composition is constant (0.41%) and 
the widths of the wells and barriers are shown in the leg
end. The vertical line and arrows indicate the PL energy 
of the single layer and the MQWs. 

Table 4.3 compiles all the characteristics of the samples characterized in this 

chapter. Along with the superlattice parameters, the measured PL energies and the 

resulting confinement energies are given. Note that thick 0.7% superlattice showed 

luminescence at an energy lower than a corresponding 0.7% single layer. These values 

will be used in the next section to determine if these energies are coherent and if a 

band offset can be inferred. 
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4.4 Analysis of results 

In this section, the energy of the lowest optical transition for each sample is 

calculated as a function of the Valence Band oflFset (VBO). The VBO can take positive 

or negative values according to the type of heterostructure, type I or II, respectively. 

All samples were assumed to be under strain. The effect of strain on band edge 

positions and effective masses was taken into account with the deformation potential 

theory. The method is described in Appendix C. All parameters of GaAsN, except 

the optical gap energy, are linearly interpolated from the binary constituent using 

Vegard's law. All binary parameters used and their corresponding references are 

shown in Table 4.4. 

The dependence of the optical gap of strained GaAsN is directly taken from our 

results (see Fig. 3.11). For the low nitrogen concentration range (x < 1%), the de

pendence has been approximated by E^^^^^ = E^^^^ — Q.2^x. Using the deformation 

potential theory, the lowest optical transition in strained GaAsN involves light-holes. 

Taking into account the eflFects of tensile stain, the bandgap of bulk GaAsN is larger 

and can be described by E^^^^^ — E^^^*-0.224a;. This is the dependence considered 

as the bandgap of bulk GaAsN in the following calculations. 

The only free parameter in the calculation is the VBO. It can be positive as well 

as negative. The first step of the calculation is to determine the properties of the 

strained layers. Then, using the position of the conduction and valence bands edges, 

the confinement energy of electrons and light- and heavy-holes is calculated. The 

calculation method is described in Appendix D. Each sample consists of five quan

tum wells and, when needed, coupling between wells is considered in the calculation. 

The optical transition is always considered to occur between the lowest energy level 

available for both light- and heavy- holes. 

Figure 4.6 shows the optical transition energy for light and heavy holes as a 

function of the absolute value of the valence band oflFset. Most structures could be 

treated as individual quantum wells. When coupling was important, it was included 

in the calculation and results are identified accordingly in Fig. 4.6. The experimental 

energies are shown by green lines. The intersection of the calculated curves with the 

measured value gives a good estimate of the VBO. 

It can be seen from Fig. 4.6 that a type-I heterostructure is possible for the 

5x[0.5%, 5nm - 20 nm] sample for a very high VBO of 80 meV. A very similar value 

is obtained for 5x[0.41%, 2.5nm - 20 nm]. However, only these two samples could be 
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Table 4.3: Compilation of superlattice parameters, mea-
sured PL energies and the resulting confinement energies 

Confinement 
Sample PL energy (eV) energy 

(meV) 

Single layer, x=0.41% 

Single layer, x=0.5% 

Single layer, x=0.6% 

5x[0.5%, 50 A- 200 A] 

5x[0.5%, 80 A- 200 A] 

5x[0.7%, 50 A- 200 A] 

5x[0.7%, 80 A- 200 A] 

5x[0.41%, 25 A- 200 A] 

5x[0.41%, 25 A- 20 A] 

5x[0.41%, 50 A- 20 A] 

1.322 

1.288 

1.257 

1.346 

1.307 

1.275 

1.245 

1.380 

1.361 

1.341 

0 

0 

0 

58 

19 

18 

-12 

58 

39 

19 

Table 4.4: Room temperature material properties used to 
calculate strained InGaAs, GaAsN, and InGaAsN mate
rial properties. 

Property 

Energy gap 

Lattice constant 

Spht-oflF band 

Bandgap variation 
with pressure 

Valence band oflFset 
relatively to GaAs 

Conduction band hy
drostatic deformation 
potential 

Valence band shear de
formation potential 

Electron eflFective mass 

Light hole eflFective 
mass 

Heavy hole eflFective 
mass 

Compressibility tensor 

CompressibiUty tensor 

Sym,bol 

Ega.p 

ao 

Aso 

^Egap 
AP 

AEvBO 

CLc 

by 

^ mo f 

^ mo ' 

Cii 

C'l2 

Unit 

(eV) 

(A) 
(eV) 

1 n6 eVcm'^ 
^^ kg 

(eV) 

(eV) 

(eV) 

( 1 0 ^ ^ ^ ) 

( 1 0 ^ ^ ^ ) 

GaAs 

1.424 

5.6533 

0.34 

11.3 

0 

-7.1 

-1.7 

0.067 

0.074 

0.62 

12.11 

5.48 

In As 

0.36 

6.0584 

0.37 

9.8 

0.07 

-5.4 

-1.8 

0.023 

0.027 

0.6 

8.541 

4.66 

GaN 

3.39 

4.511 

0.017 

4.361 

— 

-6 

-1.7 

0.19 

0.16 

0.84 

29.6 

15.4 
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Figure 4.6: Optical transition energy as a function of the absolute 
value of the valence band oflFset for four selected samples. The red and 
blue curves represents results obtained for transition involving light 
and heavy holes. The characteristics of the structures are indicated. 
"M<3W" means that coupling between wells was taken into account in 
the calculation. The measured values of the energy are shown by the 
green horizontal line. 

modeled by a type-I heterostructure. All other samples have an experimental value 

of the energy well below the calculated energy for any given VBO (from 0 to its 

maximum value given by the bandgap diflFerence between GaAs and GaAsN). From 

these calculations, the VBO as a function of nitrogen concentration can be extracted. 

Figure 4.7 shows the valence band oflFset as a function of nitrogen concentration. 

The upper curve shows the dependence of the VBO for a type-I heterostructure. 

Note that only two samples out of seven could be modeled with a positive VBO. 

Moreover, to connect experimental and calculated energies, the band oflFset is quite 

large ( « 80 meV). It means that the conduction band moves slightly to lower energy 

while that valence band moves up considerably. The distribution of the bandgap 
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diflFerence between the conduction and valence band is approximately 33:66. Even 

though this value is in good agreement with the calculated 18:82 ratio by Bellaiche 

[62], the consistency of our results for a type-I heterostructure is very poor. 
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Figure 4.7: Valence band oflFset as a function of nitrogen 
concentration. A fit to the negative values show that the 
unstrained VBO decreases by 50 meV per % nitrogen 

The lower curve of Fig. 4.7 shows the VBO assuming a type-II heterostructure. 

Note that all available samples are shown by the symbols. It can be seen that the 

dependence of the VBO with nitrogen concentration is very consistent and can be 

represented approximately by a slope of 50 meV per %. This valence band shift 

with nitrogen concentration is significant compare to the interpolated valence band 

oflFset between GaAs and GaN of 22 meV/%. Like the bandgap itself, it is highly 

probable that the valence band position of GaAsN shift at a rate that is not constant 

with nitrogen concentration. The value determined here is valid only for nitrogen 

concentrations less than 1%. 

Using this VBO, we can determine the band edge positions of GaAsN as a function 

of concentration. Figure 4.8 shows the position of the conduction and valence bands 

edges up to a nitrogen concentration of 2%. The eflFect of strain is to remove the 

degeneracy: the light-hole valence band shifts to higher energy while the heavy-hole 

band shifts in the opposite direction. Since the valence band oflFset was determined 

using samples with relatively low nitrogen concentration, it is inadequate to use this 

value to extrapolate the band edge positions for nitrogen concentrations higher than 
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Figure 4.8: GaAsN conduction and valence band edges 
with respect to GaAs as a function of compostion 

It this section, the duplication of experimental results by calculated optical tran

sitions revealed that the valence band of GaAsN is located below the valence band 

of GaAs. The consistency of the results is very good even though the shift of the 

valence band edge with nitrogen concentration seems quite drastic. This band align

ment corresponds to a type-II heterostructure. The next section discusses about the 

results presented in this section. 

4.5 Can a conclusion be reached? 

It is delicate to reach a conclusion about the band alignment without any further 

evidence. Only a few samples were studied and, moreover, the span in nitrogen 

concentrations was small (less than 1%). This section discusses the results of the 

preceding section. Other eflFects that could explain the low energy optical transitions 

are presented. Results from an another characterization technique are needed to 

confirm independently the type of heterostructure. 

The calculated optical transition energies for each samples yielded a very con

sistent dependence of the VBO on the nitrogen concentration. Unfortunately, there 

are several unknown parameters that could influence the PL energy. First of all, we 

can question the quantum well uniformity and, second, the parameters used in the 

calculation. 
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As seen from x-ray diflFraction, the superlattices have a high structural quality. 

However, photoluminescence is very sensitive to small variations in potential that 

could be caused by nitrogen composition fluctuations, well thickness variations, and 

interfacial defects. X-ray diflFraction data do not allow the study of these fine eflFects 

due to the small contrast between GaAs and GaAsN thin wells of low nitrogen con

centrations. Since PL usually involves states of lowest energy, spatial fiuctuations can 

adversely aflFect the photoluminescence energies. 

In addition, several parameters of discussible accuracy where used in the calcula

tion of the previous section, especially those related to cubic GaN. However, the most 

sensitive parameter is certainly the bandgap energy of GaAsN. Its accuracy is hard 

to estimate and its value play an important role in the determination of the band 

oflFset. For example, an overestimation of the bandgap yields a larger valence band 

oflFset and could change the sign of the VBO from positive to negative values. 

A diflFerent experiment is required to confirm the nature of the transition in these 

quantum wells. Low temperature photoluminescence measurements were attempted. 

Usually, at low temperatures, the properties of optical transitions can be studied more 

easily due to a higher radiative recombination eflfieciency. The recombination mecha

nisms are very diflFerent for type I and II of heterostructures. For type-II superlattices, 

the carriers are confined to distinct regions, yielding much longer recombination times 

and lower radiative recombination efl[iciency compare to type-I superlattices. For 

these reasons, spatially direct recombinations from the well itself can usually be seen 

simultaneously with spatially indirect transitions at low temperature. A PL spectra 

composed of these two transitions would strongly prove that GaAsN/GaAs type-II 

alignment. Also, the PL energy of a spacially indirect transition is very sensitive to 

the excitation intensity: important carrier concentrations confined in distinct regions 

produce an electric field that bends the band. High injection rapidly fills the lower 

energy states and shifts the PL peak to higher energy. There are also other evidences 

that can be gathered from photoluminescence. Time-resolved PL of a type-II transi

tion yields much longer lifetime compare to the bulk value. The opposite is found for 

type-I quantum well transitions. 

Low temperature photoluminescence was attempted on several superlattices. Un

fortunately, the data obtained is not compatible with luminescence from quantum 

wells. PL spectra resemble spectra from nitrogen doped GaAs described in Section 

3.8. As an example. Figure 4.9 shows the luminescence of superlattice 5x[0.5%, 5nm 

- 20nm] as a function of temperature. 
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Figure 4.9: Photoluminescence of 5x[0.5%, 5nm - 20nm] 
as a function of temperature. The features labeled X 
and Y were described in Chapter III while feature W is 
assigned to the well 

The 13K spectrum shows striking similarities with the spectra presented for 

GaAsN single layers with nitrogen concentrations of approximately 0.05 and 0.1%. 

This type of spectrum was unexpected from quantum well at such concentrations. 

Features denoted X and Y seen in Fig 4.9 were tentatively identified as originating 

from nitrogen clusters. It is only at temperatures of approximately 200K that the 

transition seen at room-temperature appears. It becomes dominant at 250K. Low 

temperature spectra are therefore useless for the purpose of identification of the re

combination type. The other superlattices investigated at low temperature showed 

PL features found at energies much lower than the value expected for the 300K tran

sition. 

To further confirm the recombination type, another type of experiment is needed. 

The Capacitance-Voltage profiling (CV) is often used for the determination of band 

discontinuity of type-I [63] and type-II [64] heterostructure. 

In this chapter, we characterized GaAsN/GaAs superlattices by x-ray diflFrac

tion and photoluminescence. The parameters of the structure (well composition and 

width) were measured to be very close to the intended parameters via growth time and 

fluxes. The optical properties of superlattices were measured at room-temperature 

for all samples. The existence of confinement of at least one type of carrier in GaAsN 

is confirmed. Calculated transition energies using the deformation potential theory 
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and the resonant tunneling method to take into account strain and coupling between 

wells are consistent with experimental values only if the valence band oflFset is nega

tive. From these results, the heterostructure determined. It corresponds to a type-II 

band alignment: Electrons are confined to GaAsN while holes are confined to GaAs. 

However, further measurement are needed to confirm the band alignment since a di

rect determination of the heterostructure type is impossible from photoluminescence 

results. 
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CHAPTER V 

InGaAsN/GaAs MULTIPLE QUANTUM WELLS 

As already shown in Fig. 1.2, InGaAs quantum wells strained on GaAs substrates 

cannot be used for 1.3 /imemission due to the stringent limitation imposed by the 

lattice-mismatch. The longest wavelength achievable is between 1.1 and 1.2 fim. 

There is a gap of approximately 150 meV separating the current emission to the 

targeted 1.3 /L^mwavelength. 

InGaAsN is a important candidate for the fabrication of an 1.3 /imemitter based 

on GaAs substrate. As demonstrated in Chapter III, nitrogen drastically reduces the 

bandgap of GaAs. For nitrogen concentrations of about 3%, a bandgap reduction of 

more than 350 meV WEIS obtained [18]. This downward shift of the energy resulted in 

a very high value for the bowing coeflScient. A similar bandgap reduction is expected 

by adding nitrogen to InGaAs. In addition to an increased emission wavelength, 

nitrogen would have the beneficial eflFect of reducing the lattice mismatch and, there

fore, increasing the value of the critical thickness. Figure 5.1 shows the bandgap and 

lattice constant of InGaAs, GaAsN, and InGaAsN lattice-matched on GaAs. 

^̂^ 
> 

n
d

g
ap

 

(0 

m 

3 

2 

1 

0 

4. 

1 1 1 

• • G a N 

• 

. 
5 

i 1 m 
CaN(w) 

1 

5.0 

' • , • . 

\ "k 
• 1 ' • 

ZhSe 

AlP 

6aP4 \ 

. 

N A I A 9 

S I * y / 
• / 

InGaA 

1 

5.5 

CdS 
A 

•As Vv 

sN 

^ 

I 1 1 1 r-

2nTe 
A 

CdSe 
.̂ ^^ A 
^^•"--.AlSb 

inP / \ 

^ ^ ^ C a S b 

^ \ l n A s \ v , 

A 
gS HgSe 

1 . . . 

6.0 

— 1 — r 
• 

-

. 
• 
-

A 
CdTe 

\ 

\ • " 

\ _c 

HgTe • 
1 

6.5 
Lattice constant (A) 

Figure 5.1: Bandgap as a function of lattice constant for InGaAs, 
GaAsN, and InGaAsN with respect to other semiconductor compounds. 

This figure shows the measured bandgap dependence for GaAsN. The deviation 

from a linear interpolation of the bandgap between GaAs and N (shown by the dotted 
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curve) is striking. No other semiconductor alloy shows such a dependence. The 

calculated bandgap of InGaAsN single layers lattice-matched to GaAs is shown by 

the vertical line under GaAs (see Fig. 5.1). The required composition for a lattice 

matched alloy is In2.8xGai_2.8xAsi_a;Na;. The In and N compositions can also be 

varied independently. In this case, the bandgap as a function of lattice constant 

can, in principle, cover a large area in Fig. 5.1. This area is circumscribed by the 

bandgap-lattice constant dependence of GaAsN, InGaAs, and InAsN (not shown). 

Properties of quaternary materials are usually interpolated from the properties of 

the four binary constituents. Such an interpolation for Ina;Gai_a;Asi_yNy is given by 

P(In,,Gai_^Asi_yNy) = P(In:,Gai_^As) -\- P(GaAsi_yNj^) - P{GaAs) 

xy [(P{GaAs) - P{InAs)) - {P(GaN) - P(InN))] 

(5.1) 

where P(Aa;Bi_a;C) represents the usual interpolation for ternary alloys, i.e. Vegard's 

law. In our case, the properties of one binary are missing. The properties of cubic 

InN are unknown and an approximation must be made. Since nitrogen concentrations 

are limited to small values {y < 4%) and indium concentrations are always less than 

50%, the contribution of the last term of equation 5.1 will be relatively small compare 

to the others. Therefore, we can approximate the properties of In2;Gai_a;Asi_yNy by 

P(In^Gai_^Asi_yNy) = P(In:,Gai_:,As) + P{G&Asi.yNy) - P(GaAs)). (5.2) 

This last equation was used for the calculation of InGaAsN properties of InGaAsN. 

Table 4.4 lists the parameters used for GaAs, InAs, and GaN. The dependence of the 

bandgap was taken from the bandgap of InGaAs upon which the bandgap reduction 

of GaAsN with respect to GaAs was subtracted. Figure 5.2 shows the bandgap of 

InGaAsN single layers strained on GaAs as a function of indium and nitrogen con

centrations. For low indium concentrations, the epitaxial layer is under tensile strain 

and the lowest energy transition is between electrons and light-holes (red curves). For 

higher indium concentrations, the layer is under compressive strain and the lowest 

energy transition is between electrons and heavy-holes (blue curves). The intersec

tion between blue and red curves represents concentrations where InGaAsN is lattice 
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matched to GaAs. The right-hand black curve on Fig. 5.2 represents the critical in-

dmm and nitrogen concentrations corresponding to a critical thickness of 100 A. This 

thickness was chosen arbitrarily, but it could represent a minimum requirement for 

device fabrication. InGaAsN layers of at least 100 Aare necessary for the active-region 

of a laser. The eflFect of the critical thickness is to limit the domain of concentrations 

available. The area on the right side of this curve is inaccessible. 
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Figure 5.2: Bandgap of InGaAsN as a function of In and N concentra
tions. Electron-light-hole (e-lh) and electron-heavy-hole (e-hh) tran
sitions are represented in by the red and the blue curves, respectively. 
The right-hand curve indicates the critical concentration corresponding 
to a critical thickness of 100 A. 

A large domain of concentrations is still available, but, as mentioned in Chapter 

IV, the strong downward shift of the GaAsN valence band edge could also reduce the 

area of useful concentrations. For example, assuming the GaAsN valence band edge 

dependence on nitrogen determined in Chapter IV and a InGaAs/GaAs band oflFset 

distribution of 60:40 [65], the maximum nitrogen concentration would be limited to 

less than 2.5% for each 20% indium. If the nitrogen concentration exceeded this value, 

the band alignment would be type-II. 

This chapter describes our modest results obtained on InGaAsN alloys. The sam

ples were grown by MOMBE-DMHy. It is concluded that the nitrogen incorporation 

in InGaAsN are limited to values much less that the corresponding maximum nitrogen 

incorporation in GaAsN. 
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5.1 Experimental results 

Superlattices of InGaAsN/GaAs were grown by MOMBE-N2. Figure 5.3 shows 

the (004) reflection obtained from such a superlattice containing six InGaAsN wells. 

As expected from the growth conditions and coonfirmed by simulation, the indium 

concentration is 36% and the well and barrier widths are equal to 70 and 194 A, 

respectively. It is impossible to determine with certainty the nitrogen concentration 

from XRD. Another method must be used to confirm that there is in fact nitrogen 

incorporation and to determine its concentration. 

Secondary Ions Mass Spectrometry (SIMS) was used for the purpose of confirming 

that indeed a quaternary alloy of InGaAsN was fabricated. Figure 5.4 shows the 

nitrogen and indium concentration profiles recorded as a function depth. It can 

be clearly seen that nitrogen is incorporated in the InGaAs wells. It is diflficult to 

estimate accurately the nitrogen concentration from this measurement. 

3 

c 

-8000 -6000 -4000 -2000 0 2000 

Diffraction angle AG (arc sec) 

Figure 5.3: (004) reflection from an InGaAsN/GaAs superlattice. The 
bottom curve shows the simulation. 

Photoluminescence from this InGaAsN sample was measured. The spectrum is 

shown in Figure 5.5. For comparison, the PL of a superlattice with similar charac

teristics, but without nitrogen, is shown. Clearly, nitrogen shifted the luminescence 

energy of InGaAs towards longer wavelengths. The shift in energy is approximately 

50 meV. Despite the fact that the calculation presented in Fig.5.1 is for single layers, 

the dependence of the gap energy on nitrogen composition can be used to estimate 
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Figure 5.4: In and N concentration profile in a InGaAsN/GaAs super-
lattice as measured from SIMS 

the concentration of nitrogen in the InGaAsN well. A shift of 50 meV corresponds to 

a nitrogen incorporation of approximately 0.2%. 
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Figure 5.5: Photoluminescence of InGaAs and InGaAsN superlattices. 
Nitrogen induced an energy shift of 50 meV of the photoluminescence. 

The InGaAsN sample presented in Figure 5.5 corresponds to the highest nitro

gen concentration achieved at such an indium concentration. This concentration is 

much lower than the nitrogen concentration that can be achieve in GaAs using the 

same growth method. Using DMHy, it has been found that indium strongly hin

ders nitrogen incorporation [66]. Such a limitation seems to be related to the use 
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of DMHy. For example, InGaAsN/GaAs heterostructures producing luminescence at 

1.4 /imhave been achieved using an electron-cyclotron-resonance microwave discharge 

to produce active nitrogen [67]. 

In conclusion, our best results for InGaAsN are still not suflacient for a 1.3 

/imemission. A detailed investigation of the growth conditions is under way to over

come the poor nitrogen incorporation in InGaAs. 
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CHAPTER VI 

LONG-RANGE ORDERING 

The observation of spontaneous long range ordering in ternary III-V alloys has 

received recently a lot of attention. The establishment of a ordered sequence in a 

random system received awoke considerable theoretical and technological interests. 

At some specific compositions, the sphalerite structure is not always the most stable 

configuration. Examples of ordering in several alloys, like InGaAs and AlGaAs, raised 

important questions concerning the equilibrium phases of diflFerent ordering scheme 

and the resulting electronic bands. 

For isovalent III-V alloys, the apparition of a defined sequence in the cation or 

anion sublattice change space group and the periodicity of the crystal. In all cases 

of long-range ordering, the number of symmetry operations is reduced with respect 

to the sphalerite phase (random phase). In several cases, the change in symmetry is 

accompanied with a doubling of the dimensions defining the unit cell. These eflFects 

can induce important changes to the electronic and optical properties. 

Long-range ordering is highly desirable, especially if it can be controlled. Ordering 

usually affects the band structure of the alloy. First, a change in real-space symme

try alters the Brillouin zone symmetry and, depending on the ordering scheme, a 

unique axis is created such that transport and optical properties become anisotropic. 

Second, the value of the bandgap changes. Since ordering often doubles the lattice 

constant, a halving of the Brillouin zone occurs. The reduced dimensions of the Bril

louin zone folds points initially on its surface (L or X) to its center. The resulting 

optical bandgap energy can be aflFected by the repulsion of bands defining the op

tical gap and the new folded F states. While the possibiUty of altering the optical 

bandgap at fixed composition through ordering is very attractive for device applica

tions, the apparition of a unique axis is very interesting for specialized applications 

like polarization sensitive devices. 

From the comparison of the properties of GaAsN and other isovalent III-V alloys 

subject to long range ordering, GaAsN might exist in more than on stable config

uration. The next section will describe the reasons why a strong tendency towards 

ordering could be expected from GaAsN. There are many ordering schemes compat

ible with the sphalerite GaAsN system, the most important of them are presented. 

The determination of a specific ordering scheme can be done with several methods. 
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As a demonstration, Section 6.3 presents an high-resolution x-ray diflFraction study 

of the order-disorder transition in ZnSnP2. A similar study has been conducted on 

GaAsN samples without success, however it is also shown that the samples available 

were inadequate for such a study. The presence of ordering was also studied with 

photoluminescence. Section 6.5 explains how PL could be an eflFective technique to 

determine the presence of ordering. 

6.1 Prediction of a strong tendency towards ordering 

As mentioned previously, GaN and GaAs have a high lattice mismatch and N and 

As atoms have very diflFerent atomic orbital energies (see Table 2.1). Such dissimilar 

properties can lead to a large local internal stress in the alloy and non-negligible 

interactions between anions. These two eflFects have been shown to play a significant 

role in the process of spontaneous ordering [5, 68, 69]. 

GaAsN could be an ideal candidate for studying eflFects of ordering. The large 

distortions of the unit cell of GaAsN make propitious the formation of a superstructure 

minimizing internal stress [68]. Such superstructure can be of several types (CuAu, 

CuPta, chalcopyrite, ...). The most important ordering schemes are described in 

the next section. Depending on the calculation method, several authors have found 

different ordering schemes minimizing the cohesive energy, but all have found that 

ordered GaAsN is more stable that the random solution. It has been calculated by 

Neugebauer et al. that the most stable configuration for nitrogen concentration of 25 

and 50% are famatinite and chalcopyrite, respectively [5]. Another study, made by 

Elyukhin and Nikishin, has predicted CuPt-type ordering of the anion sublattice the 

most stable phase at a concentration of 50% [68]. 

Ordering can have a significant eflFect on the value of the bowing coefficient. Fig

ure 6.1 shows the experimental values of the bowing coefficient. It can be clearly 

seen that it is composition dependent. The two other curves represent the bowing 

coeflftcient calculated for a random and ordered solutions [7]. Values for the ordered 

solutions were calculated at nitrogen concentrations of 12.5, 25, and 50% for the 

CuPty, luzonite, and CuPt structure, respectively. From this figure, it is clear that 

the experiment and calculation agreement is much better with the bowing calculated 

for ordered structures. Such a result suggests that the high value of the bowing might, 

in part, originate from ordering of the anion sublattice. 
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Figure 6.1: Experimental and calculated values of the bowing coeflft-
cient. The calculated values are for a random and ordered solution. 

Naturally, perfect ordering exists only at some specific concentrations like 12.5, 

25, and 50%. At intermediate concentrations, ordering can also exist, but under 

slightly different forms. The first form could be phase separation. At a given average 

concentration x (say lower than 12.5%), perfect ordering can take place in regions 

in the samples where the concentration is high (12.5, 25, or 50%), other regions 

having a nitrogen concentration much lower than the average concentration. A second 

type of ordering can take the form of preferential arrangement of nitrogen atoms. 

The nitrogen concentration is uniform, but nitrogen atoms are always found at some 

preferential positions in the group V sublattice. 

For the samples studied here, perfect ordering cannot exist due to the low nitrogen 

concentration. Therefore, ordering must either take one of the forms mentioned above. 

Moreover, defects in the ordering pattern must also be considered. Perfectly ordered 

nitrogen-rich regions and strong preferential arrangement can have " defects": namely 

N and As atoms replacing each other in their own group V sublattice. 

6.2 Possible schemes of ordering 

The possible schemes of ordering for the sphalerite structure are numerous. The 

most commonly seen ordered structures are presented in Tables 6.1, 6.2, and 6.3. 

Many other types of ordering exist, but only the structures preserving a tetrahedral 
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Table 6.1: Properties of sphalerite, layered tetragonal 
and luzinite structures. 

Name 

Formula 

Unit ceil 

Bravais lattice 

Space group 

Ordering vector 

Sphalerite 

GaAsi_a;Na: 

1x1x1 

FCC 

F43m 

none 

Layered Tetragonal 
(CuAu) 

GazAsN 

1x1x2 

Tetragonal 

P4m2 

[001] 

Luzonite 

arrangement of atoms are shown. Another important selection criteria is that the 

space group of the ordered structure must be a subgroup of the disordered alloy. 

The sphalerite structure is very similar to the zincblende structure, except that 

one of the two face-centered sublattices is composed of two isovalent atoms randomly 

distributed. Sphalerite is the standard structure for III-V alloys and is not limited to 

a specific stochiometry. 

These tables also indicates the space group and size of the ordered unit cell. Com

mon stochiometry for ordered alloys are 1:7, 1:3, and 1:1. Several ordering schemes 

have an ordering vector. This vector represent a unique axis along which an atomic 

superlattice is formed. As it can be seen from the tables above, only the luzonite 

structure preserves the size of the unit cell. 

The change in symmetry can, in principle, be observed experimentally. Electron 

diflFraction is the preferred technique to characterize ordering in epitaxial layers, but 

x-ray diflFraction can be used as well. Section 6.3 shows that XRD can be successfully 

applied to identify the type of ordering. The change in symmetry can also aflFect the 

electronic band structure. These eflFects are explained in Section 6.5 and could, in 

principle, be measured with photoluminescence spectroscopy. 
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Table 6.2: Properties of the chalcopyrite and famatinite 
structures. 

Name 

Formula 

Unit cell 

Bravais lattice 

Space group 

Ordering vector 

Chalcopyrite Famatinite 

Ga2AsN Ga4As3N 

1x1x2 1x1x2 

Body centered tetragonal Body centered tetragonal 

I42d I42m 

[201] [201] 

Table 6.3: Properties of the layered trigonal and CuPtr 
structures. 

Name Layered trigonal (CuPt) CuPtr 

Form,ula 

Unit cell 

Bravais lattice 

Space group 

Ordering vector 

Ga2AsN 

2x2x2 

Trigonal 

R3m 

[111] 
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Using Raman spectroscopy, Mintairov et al. [70] have observed evidences of or

dering in sample of GaAsNo.5%. They have found a strongly confined GaAs optical 

mode at 255 cm~^ and they have observed GaAs- and GaN-type phonons having 

strong diagonal components, normally forbidden for sphalerite. They concluded that 

these eflFects were occurring due to a trigonal distortion of the GaAsN lattice arising 

from CuPt-type ordering. These results would need to be confirm with an another 

characterization technique. 

6.3 Order-disorder transition in ZnSnP2 studied by XRD 

Ordering in thin epitaxial layers can be measured with high- resolution x-ray 

diflFraction (HRXRD). This section demonstrates how it can be done. For the demon

stration, home made ZnSnP2 epitaxial layers grown on GaAs (001) substrate are 

characterized. 

Compounds of type A^^B '̂̂ ^C^ exist either in the ordered or in the disordered 

states. The disordered state, with an average composition of A0.5B0.5C, has the 

sphalerite structure. The structure of the ordered state, in which the cation sublat

tice consists of two equivalent sublattices occupied preferentially by atoms A or B, 

respectively, is known as chalcopyrite (see Table 6.2). For bulk crystals of some chal-

copyrites, there is a critical temperature Tc at which these semiconductors undergo 

an order-disorder transition. The transition temperature is quite high, typically over 

700° C. The transition from chalcopyrite to sphalerite has interesting connections to 

the better-known III-V pseudobinary alloys Aa;Bi_a;C. These alloys have been tradi

tionally considered substitutionally disordered but are now known to be capable of 

forming, under some growth conditions, spontaneously ordered phases. Bulk ZnSnP2 

is known to exist in two crystalline forms, chalcopyrite with no tetragonal distortion 

(ordered with c/a = 2 and a= 5.651 A) and sphalerite (disordered with c = a = 5.651 

A) [71]. Modern epitaxial growth techniques offer a possibility of tuning the growth 

parameters to prepare heterostructures of ordered and disordered layers. ZnSnP2 can 

be grown on GaAs substrates with nominal strain due to the small difference in lattice 

constants, Aa/a ~ 3 x 10~^. Samples used in this work were grown on GaAs (001) 

by gas source molecular beam epitaxy [72]. For the two types of samples presented in 

this work, the substrate temperature was fixed at 350°C and the layer thickness was 

between 0.20 and 0.25 fim. An unusual change in the lattice mismatch of ZnSnP2 

with respect to the substrate was observed for very small variations of the Sn/Zn fiux 
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ratio [73]. This sudden transition, which occurs at a constant temperature, led us to 

investigate detailed structural properties of both types of samples. The lattice mis

matched samples, grown at a relatively low Sn/Zn flux ratio of 0.22, will be labeled 

A from now on. Closely lattice matched samples, grown at a Sn/Zn flux ratio of 0.26, 

will be labeled B. 

The study of ordered and disordered ZnSnP2 epitaxial layers is made by high-

resolution x-ray diflFraction. The identification of the chalcopyrite structure is based 

on the observation of several characteristic reflections that are forbidden for the spha

lerite structure. Our x-ray investigation shows high degree of structural perfection 

in epitaxial ZnSnP2, similar to that seen in III-V compounds. The x-ray diffrac-

tometer wa,s equipped with an Eulerian cradle and all measurements were taken in 

the high-resolution mode (4-}-l crystals). In this configuration, the diflFraction plane 

is horizontal and is defined by the fixed incident beam and the direction of motion 

of the detector. The measurements were all done in the symmetric arrangement 

(2a; = 20) as described by Nakashima [74]. Figure 6.2 shows the geometry in which 

the measurement is made. 

[001] 

%kiC) " " " " ^ ^ 

[hkl] 

<:e 
[001] 

fli^ 

7 
[hkl] 

Dlffractioii plane 

Figure 6.2: Schematic representation of the XRD experiment. The nor
mal to the sample, indicated by the black arrow, is the [001] direction. 
The diflFraction plane is defined by the incident and diffracted beam. 
The normal to the plane (hkl) of is indicated by the blue arrow. The 
small inset in the top left cornet shows the tilt angle 
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To satisfy Bragg's diflFraction condition, the normal to the plane (hkl) of interest 

is brought into the plane of diflFraction. To do so, the sample must be tilted by an 

angle ^ around an axis in the diflFraction plane. The calculation of ^ requires the 

orientation of the tetragonal axis with respect to the substrate normal, therefore "^hki 

will be used to specify the direction [hkl] of the unique axis. Reduction of the crystal 

symmetry increases the number of allowed reflections. The Bragg condition prescribes 

the following extinction rule for face centered cubic and body centered tetragonal 

structures: h, k, and 1 of mixed parity and h-|-k-|-l odd, respectively. Using these 

extinction rules, the observation of reflections forbidden for sphalerite and allowed for 

chalcopyrite can be used for an unequivocal determination of the structure. Figure 6.3 

shows the allowed reflections for sphalerite and chalcopyrite ZnSnP2. For sphalerite, 

the plane indices are referred to the cubic system while for chalcopyrite the plane 

indices are defined in the tetragonal system with the last index related to the unique 

axis. The relative intensities was calculated assuming the powder method. This is 

not the best method to calculate intensities, but it gives a good idea of the relative 

strengths. 
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Figure 6.3: Allowed reflections and their intensity for 
sphalerite and chalcopyrite ZnSnP2 
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Table 6.4: Calculated diffraction conditions for sphalerite and chalcopy
rite ZnSnP2. For each orthogonal orientation of the tetragonal axis, the 
tilt angle is given 

Diffraction Oiffvaction plane 
angle (20) ^'"' '•PhaleviU and 

Diffraction plane for chalcopyrite and 
corresponding tilt angle "^hki 

17.5*^ 

31.6° 

66.1° 

69.0° 

forbidden 

(002), ^if = 0 

(004), ^ = 0 

forbidden 

112.6° forbidden 

(101) Î'ooi = 63.4° and >̂ ioo = 26.6° 

(004) ^001 - 0; (200) *ioo,oio = 0 

(008) ^001 = 0; (400) *ioo,oio = 0 
(217) ^001 = 32.6°, ^100 - 61.2°, and 

^010 = 76.1°; 
(411) ^001 = 83.1°, Î'loo = 15.6°, and 

>Î oio = 76.1° 
(507) *ooi = 55° and ^loo = 35°; 

(437) vÊooi = 55°, ^loo = 49.1°, and 
^010 = 60.1°; 

(611) ^001 = 85.3°, ^100 = 10.6°, and 
^010 = 80.6°; 

(419) ^001 = 42.5°, ^100 = 49.1°, and 
^010 = 50.6° 

It can be seen that several new lines appear for the ordered phase. Table 6.4 

lists some of the allowed reflections for ZnSnP2 in the sphalerite and chalcopyrite 

structures. The tilt angle "^hki is given for the three principal orthogonal directions 

[001], [100], and [010]. 

Figure 6.4 shows the diffraction pattern close to GaAs (002) for the two types of 

samples A and B. The lattice mismatch mentioned earlier is clearly seen in sample 

A. The interference fringes are an indication of high quality interface and thickness 

uniformity. The (002) diffraction is very weak for GaAs since its structure factor 

is proportional to the square of the difference between atomic factors of Ga and 

As, which is small. The sphalerite (002) (or chalcopyrite (004)) ZnSnP2 diflFraction 

is expected to be more intense than sphalerite (004) (or chalcopyrite (008)) due to 

the larger contrast in atomic factors between each sublattice and to the presence 

of Zn and Sn atoms in the same sublattice. Sample A is under compressive strain. 

Judging from its diflFraction pattern, and also from asymmetric reflections, the strain 

is accommodated by deformation of the unit cell. The lattice mismatch of 4 x 10~^ 

indicates that the lattice constant of the layer is slightly larger than the bulk value. 

Both types of ZnSnP2 samples show structural perfection similar to that of epitaxially 
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grown III-V compounds: the line width of the main reflection is very close to that 

calculated for III-V alloys of similar thickness. The diflFraction pattern of sample B 

is stronger than the (002) reflection pattern of the underlying substrate. The layer is 

under a slight tensile strain. The calculated lattice constant corresponds very closely 

to the reported bulk value of a = c/2 = 5.651 A. The origin of the diflFerence in lattice 

constant between sample A and B is not understood at this point. Nevertheless, the 

mismatch seems to be related to a phase transformation rather than a deviation from 

stochiometry [73]. 
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Ô  

>» 
T_ 
(0 
c 
Q) 

c 

r 

r 

: 

r A, r\ 

r 

r 

r 

- , 1 . , 

1 1 I - — T 1 1 1 1 
1/) 

G
aA

 

1 1 1 1 1 

(0
02

 

1 . . • 1 r . 

- I 

LJ
J
 

-1 

: 
1 

: 
• 

s,^#(v*j>^Sample A : 
"'T'^w^fwVtt) 1 

1 : 
-

1 

: 
-x.̂ .,,,̂ ^̂ ^̂ ^ Sample B i 

- I 

1 1 1 1 1 1 ' 

3 1 . 2 3 1 . 4 3 1 . 6 3 1 . 8 

20-e (degrees) 
32.0 

Figure 6.4: 29-0 diflFraction pattern obtained for sample 
A (top) and B (bottom) close to the GaAs (002) reflec
tion. While the growth conditions differ slightly, sample 
A shows a significant mismatch while sample B is almost 
lattice matched. The vertical line indicates the position 
of the GaAs (002) substrate reflection. 

Samples A and B have been studied extensively for the presence of ordering. Based 

on the data of Table 6.4, measurement of chalcopyrite reflections were attempted. 

Figure 6.5 shows a coupled 20 — 0 scan of sample B around 20 = 17.5°, at a fixed 

tilt angle ^ooi = 63.4°. This diffraction peak, forbidden for the sphalerite structure, 

is relatively intense and well resolved. The position of this peak corresponds to the 

calculated chalcopyrite (101) refiection (see Table 6.4). Taking into consideration the 

thickness of the layers, the half-maximum width of the 20-0 scan, less than 0.11°, and 

the width of the cj-scan, 0.06'', are typical of homogeneous samples. Similar quality 

(217) and (611) chalcopyrite reflections were measured at a tilt angle corresponding 
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to 32.6° and 85.3°, respectively. These two reflections are also forbidden for a random 

distribution of Zn and Sn atoms in their common sublattice. 
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Figure 6.5: 20 — 0 diffraction pattern obtained for sample 
B around the calculated value of the chalcopyrite (101) 
reflection. The full width at half maximum is only 0.11°. 

Measured relative intensities of chalcopyrite reflections were compared with cal

culated values. We calculated structure factors for the observed reflection. From the 

highest measured intensity to the lowest, corresponding to (004)̂ ĵ ĝ j and (507)(,ĵ ĝ j , 

respectively, the experimental and calculated values are in good agreement. Ta

ble 6.4 indicates four families of planes corresponding to the same diffraction angle 

20 = 112.6°. Higher degree of symmetry removes this multiplicity in sphalerite. 

Note also that (507) and (437) chalcopyrite reflections share the same tilt angle 

/̂QQjN = 55''. Therefore, by rotating the crystal around its tetragonal axis we can 

successively bring into the diffraction plane all the equivalent planes corresponding to 

the (507) and (437) families. Figure 6.6 represents such a diffraction pattern obtained 

by rotating the sample with respect to the [001] direction. The angle (p is the basal 

plane projection of the angle between the 507 and 437 planes. The characteristic an

gular spacing between these planes, for the diffraction angle 2^ = 112.6°, leads again 

to the chalcopyrite structure. 

All the chalcopyrite diffraction peaks mentioned above for sample B were measured 

at tilt angles corresponding to an orientation of the tetragonal axis parallel to the 

growth direction [001]. The same measurements were done in similar condition at 

tilt angles corresponding to an in-plane orientation of the c-axis (^loo or ^oio), but 
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Figure 6.6: Diffraction pattern taken at 2^ = 112.6° and 
^001 = 55°. The scan axis cf) corresponds to a rotation 
with respect to the growth direction [001]. The multiplic
ity of the plane families 507 and 437 is clearly observed. 
The angle between (507) and (437) reflections is 37° and 
the angle between (437) and (347) reflections is 16°. 

without any measurable intensity. This indicates that the growth conditions used 

for sample B strongly favor a single orientation of the tetragonal axis along a [001] 

direction. Similar results were deducted from Raman measurements done on the same 

type of sample [73]. 

Sample A was investigated in a similar manner. However, none of the above re

flections could be measured for all possible orientations of the tetragonal axis. This 

suggest that chalcopyrite ordering is either very weak or simply absent. We also inves

tigated sample A for other types of ordering, since it has been postulated that CuPt-

type or CuAu-type ordering of the cation sublattice could occur in some I-III-VI2 

compounds [69]. The CuPt-type ordering would produce a superlattice of alternating 

layers of Zn and Sn in the [111] direction. The CuAu-type ordering would produce 

a similar superlattice but along the [001] direction. Since sample A shows very high 

crystallinity (see Figure 6.4) we should, in principle, be able to observe effects of 

long range ordering, if it occurs. Measurements of the (1/2, 1/2, 1/2) diffraction 

peaks corresponding to CuPt-type and (001) diffraction corresponding to CuAu-type 

ordering were attempted without success. The absence of any sphalerite forbidden 
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reflection for these two types of ordering suggests that the A-type sample has very 

low degree of ordering, i.e., it is sphalerite. 

Using high-resolution x-ray diffraction, it is possible to identify the type of order

ing. It is advantageous to have a simple, rapid, and non destructive characterization 

method like XRD. Moreover, it is possible, in principle, to quantify the degree of 

ordering. Taking the ratio of the integrated intensities between a forbidden reflection 

and an allowed reflection and comparing with its calculated counterpart, an ordering 

factor can be deduce. 

6.4 Ordered GaAsN and x-ray diffraction 

Ordering in GaAsN has also been studied by x-ray diffraction in a similar manner. 

Measurements of forbidden reflections for all the ordered structures shown in Tables 

6.1, 6.2, and 6.3 were attempted, but without success. Unfortunately, no result does 

not mean no ordering, it only means that if ordering occurred, it is not dominant. 

Samples of GaAsN investigated had nitrogen concentrations between 4 and 5%. As 

discussed in Section 6.1, such low concentrations mean that a perfectly ordered lattice 

cannot be obtained. However, nitrogen rich clusters or a preferential arrangement 

could exist. 

Assuming that ordering occurs in a sample with low nitrogen concentration, 

whether or not ordering could be measured via XRD is an interesting question. This 

section demonstrate from a very simple calculation that ordering, if it existed, could 

not be measured with the actual samples. To do so, two calculations are needed: one 

for the case of clustering and one for the case of preferential arrangement. 

For the purpose of the calculation, we assume CuPt-type ordering since its oc

currence in GaAsN has been demonstrated by Raman spectroscopy [70]. Preferential 

arrangement of nitrogen atoms is considered first. According to the representation 

of the CuPt-type ordering shown in Table 6.3, a Ga-As-Ga-N superlattice is formed 

in one of the equivalent [111] direction. Ideal ordering requires a 50% concentration, 

but it can also occur at lower concentration: nitrogen atoms can preferentially occupy 

one of the two (111) planes in the anion sublattice. In this case, the [111] superlat

tice of the structure is now described by Ga-Asi_|eN|e-Ga-Asi_a;+|cNa;_£e, where e 

represents the degree of disorder, e = 0 means that all nitrogen atoms are located in 

the same plane while e = 1 represents the sphalerite structure. 
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It is possible to calculate the structure factor of sphalerite forbidden reflections as 

a function of the nitrogen concentration x and the disorder factor e. This structure 

factor, properly normalized, can be used to predict the diffraction intensity of a 

forbidden reflection. The formation of a superlattice in the [111] direction doubles 

the lattice constant of the unit cell (see Table 6.3) and new reflections appears. Figure 

6.7 shows the intensity of sphalerite forbidden reflections normalized by the intensity 

of the allowed (004) reflection. The calculation was done for the case e = 0. The 

intensity of forbidden reflections depends strongly on the nitrogen concentration. 
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Figure 6.7: Ratio of structure factors as a function of 
nitrogen concentration for the ideal CuPt-type ordering 
(e = 0). The ratio represents of the intensity of the 
forbidden reflection to the allowed (004) reflection. 

For the case of nitrogen rich clusters, the calculation is simple. First, we assume 

that the nitrogen clusters have a nitrogen concentration of 50%. We also assume 

perfect phase separation. The overall volume is represented by Ga2AsN clusters 

in a GaAs matrix. The ratio of volumes between these two phases is equal to 2xav., 

where Xav. represents the average concentration as measured from the lattice mismatch 

of the epitaxial layer. From Fig. 6.7, the ratio of intensities, at 50% nitrogen, is 

approximately 10~^ We need to correct this ratio by the limited volume where 

forbidden reflections occur. This simple calculation assumes that the orientations 

of the (111) superlattices of GaAsN clusters all points in the same direction, which 

might not be the case. Finally, we get that the intensity of the forbidden reflection 
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created by Ga2AsN clusters in GaAs would be approximately 2xav. x 10 ^ for the 

ideal case. 

We can now determine if ordering could be measured in the ideal conditions (e = 0, 

perfectly oriented clusters, ...). High nitrogen concentration is very important, so 

highest nitrogen concentration samples were used. These samples had approximately 

5% nitrogen. The intensity of the allowed (004) reflection is approximately was be

tween 500 and 1000 counts/second. That means the intensity of the (1/2 1/2 1/2) 

reflection, the most intense forbidden reflection, would be less than 10 c/s for both 

preferential arrangement and nitrogen clustering. This intensity, even if it is slightly 

above the characteristic background noise of the instrument, is too low for a practi

cal measurement. Similar values of the intensity are expected for the other types of 

ordering as well. Therefore, it is impossible to measure ordering in the samples we 

had. To provide more favorable conditions, the nitrogen concentration and the layer 

thickness need to be increased. It seems much easier to make thick samples than to 

increase nitrogen concentration. The diffraction from the layer increases rapidly with 

increasing the layer thickness. Samples thickness of a few microns would make the 

measurement of a forbidden reflection theoretically possible. 

6.5 Ordered GaAsN and polarized photoluminescence 

Long range ordering is most of the time observed by diffraction techniques. These 

techniques permit an unambiguous determination of the crystallographic structure. 

However, since a reduced symmetry affects the electronic bands structure, atomic 

ordering can be identified indirectly with other characterization techniques. Optical 

and electrical characterization techniques can reveal the presence of ordering. 

The first important effect of ordering is to reduce the bandgap relatively to the 

sphalerite phase. Severe bandgap reductions were predicted for ordered GaAsN [7]. 

Second, dipole matrix elements become anisotropic. Therefore, photoluminescence 

emission [75] and absorption [76] become polarization dependent. Electrical transport 

also becomes anisotropic, resulting in enhanced minority diffusion length for specific 

crystallographic directions [77]. 

This section is divided in two parts. The first part explains the origin of the 

polarized photoluminescence and describes the expected photoluminescence results 

while the second part describes the experimental results obtained. 
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6.5.1 The origin of polarized photoluminescence 

The polarized photoluminescence and absorption originate from the matrix ele

ment determining the strength of interaction between between two electronic bands. 

The matrix element directly involves the symmetry of Bloch wavefunctions describing 

the bands and, therefore, depends on the symmetry of the conduction and valence 

bands as determined by the crystal structure. 

For the purpose of the demonstration, we will again assume CuPt-type order

ing of the anion sublattice. Other types of ordering would still produce polarized 

photoluminescence, but the selection rules would be slightly different. 

Table 6.3 shows that dimensions of the layered trigonal unit cell are doubled. 

Therefore, with respect to sphalerite, the BriUouin zone is halved. As a result, points 

initially on the surface like L are folded back to the F zone center [78]. This new 

state has the symmetry of the sphalerite conduction band and is denoted r(L). Since 

this new band lies close to the conduction band, repulsion occurs. It is as a result of 

repulsion that lowering of the bandgap occur in ordered materials. The magnitude 

of this level repulsion is larger for compounds with dissimilar bond lengths {RA-B ¥" 

RA-C) [79]. That is the reason why the bowing coefl&cient is larger for ordered GaAsN. 

Even a partial ordering will abruptly changes the crystal symmetry from F43m 

to R3m. The new band structure close to the zone center is shown in Figure 6.8. 

The reduced symmetry partially lift the degeneracy at Fs [rrij = ± | , ± | ) to give 

degenerate r4 {mj = | ) and r5 (mj = — | ) bands and, at lower energy, a single r6(2) 

band {rrij = zh^) . The energy separation between the formerly degenerate valence 

bands is the ordering-induced crystal-field splitting [80]. As a consequence of this 

splitting, optical transitions involving both r4,5 (transition A) and r6(2) (transition 

B) valence bands can be observed. 

Both transitions are expected to show luminescence at a slightly different energy, 

but the main difference remains in the anisotropy of the photoluminescence. Accord

ing to the selection rules for electronic-dipole transitions corresponding to transition 

A, the photoluminescence cannot be polarized along the [111] directions [78]. Figure 

6.9 shows the principal directions ([001],[010], and [001]), the (111) planes, and a set 

of orthonormal vectors. This set of vectors denoted e^, ey, and e )̂ are oriented along 

the [110], [111], and [112] directions. 

85 

=5£j.k.r^-j....-. -^—..——^-, • . n-rr-sTT— •,F^^BSMKMMIimmMmKmtt^^aiBmmmaBmim\}iarmvmms'mm7fm ""'JJ"""-̂ - • 



Sphalerite Layered trigonal 

Figure 6.8: Band structure at the F point 

[001] 

[100] 

> [010] 

Figure 6.9: Relation between polarization vectors and 
ordering directions. 
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The complete set of selection rules for CuPt-type ordering is given in table 6.5. 

Transition A is not anisotropic while transition B has a polarization component miss

ing. By measuring photoluminescence spectra emitted from the substrate surface 

([001] direction) and from the substrate edges ((llO)and (110) directions), the polar

ization selection rules both can be used to determine the presence of ordering [80]. 

Table 6.5: Selection rules for optical transitions in sphalerite and lay-
ered trigonal 

Representa- Representa- . . . . Forbidden 
Structure Symmetry tion of CB tion of VB , ^^^ -P^" polariza-

j , larizatton ,. 
edge edge tion Sphalerite F43m 

Layered 
trigonal 
(CuPt) 

R3m Te 
r4 
Fs 
Fe 

[001], [010] 

[001] 

6x, 6y, Bz 

ez 

Other ordering schemes presented in Section 6.2 would also result in anisotropic 

emission due to similar selection rules. Photoluminescence can therefore be a powerful 

method for the determination of the presence of ordering and its type. 

6.5.2 Experimental results 

Room temperature polarized photoluminescence was measured along the [001], 

[110], and [111] directions. No anisotropic emission could be measured. The energy 

and intensity of all measurements as a function of the polarization direction were 

invariant. 

6.6 Conclusion 

In summary, we have, in this chapter, presented two powerful techniques for the 

study of long-range ordering: x-ray diffraction and photoluminescence. We have 

shown that the sensitivity of XRD was insuflficient for the GaAsN samples, so that 

ordering should not, in principle, be observable. Due to the much larger photon 

densities involved, polarized photoluminescence is more sensitive to the effects caused 

by a reduced symmetry. However, the measured photoluminescence was not polarized 

and, therefore, no evidence of ordering could be found. This result contrasts with the 

Raman study done by Mintairov et al. on similar samples [70]. 
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CHAPTER VII 

CONCLUSION 

In conclusion, important properties of gallium arsenide nitride (GaAsN) and in

dium gallium arsenide nitride (InGaAsN) were investigated. Several experimental 

techniques such as x-ray diffraction, photocurrent, photoluminescence, effusion, and 

secondary ion mass spectrometry were used. 

The first part of this work concerned the characterization of GaAsN single layers. 

Important issues concerning nitrogen solubility in GaAs, thermal stability of GaAsN, 

and bandgap energy of GaAsN were clarified. Single crystals with nitrogen concen

trations of more than 5% were achieved. All samples were found to be stable against 

decomposition under thermal treatment at temperatures of about 600°C. An accurate 

determination of the bandgap dependence on nitrogen concentration was made and 

compared with calculated dependencies. The bowing coeflficient was found to be con

centration dependent: it was close to 18 eV at very low nitrogen concentrations while 

it was approximately 14 eV at nitrogen concentrations of 3.6%. Effusion experiments 

on GaAsN revealed that the increase in photoluminescence efl[iciency upon annealing 

is partly due to the removal of a large number of nitrogen atoms (?^ 10^̂  cm~^) 

from non-substitutional lattice sites. The formation of the bandgap of GaAsN was 

investigated for samples with low nitrogen concentrations. Low temperature pho

toluminescence yielded complex spectra of highly efficient radiative recombination 

centers similar to nitrogen pairs in GaP. These centers are tentatively attributed to 

exciton recombination bound to a pair of nitrogen related complexes. However, a 

precise identification of the origin of these luminescence features is impossible with 

the characterization techniques used in this work. 

Quantum wells of GaAsN were also grown on GaAs. Room temperature photo

luminescence from several multiple quantum wells were analyzed. Using the valence 

band offset as a free parameter, the duplication of experimental results with calcu

lated optical transition energies yielded a type-II band alignment between GaAsN 

and GaAs. This determination, solely based on photoluminescence results, needs to 

be confirmed be another characterization method. 

Ordering in GaAsN samples was investigated with x-ray diffraction and polarized 

photoluminescence. However, no evidence of long-range ordering could be found. 
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Single layers and multiple quantum wells made of InGaAsN were investigated. 

It was found that some nitrogen can be incorporated in InGaAs, but the nitrogen 

incorporation is apparently limited to very low nitrogen concentrations («0.2%). This 

concentration did not permit to reach a emission wavelength of 1.3 fim. 
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APPENDIX A 

PHOTOLUMINESCENCE 
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Photoluminescence (PL) is a characterization technique concerned with optical 

emissions from a materials. The whole process illustrating the phenomenon behind 

phototluminescence can be depicted in three steps: (1) electron-hole pairs are pro

duced by absorption of a photon of suflacient energy, (2) carriers relax rapidly to 

lowest unoccupied states, and (3) the annihilation of pairs requires the creation of 

photons to satisfy energy conservation. The emitted light produced is recorded as a 

variation of intensity with wavelength. The spectrum produced are usually charac

teristic of material under study. It is rich in information on the electronic structure 

close to the optical gap. Since photoluminescence involves states of lowest energy, it 

is usually very sensitive to the presence of impurity states inside the bandgap. 

Photoluminescence is well known and is extensively used as a convenient and 

rapid method of characterization. Especially for direct-gap semiconductors, PL can 

give qualitative and quantitative information. The most important information is the 

energy of emission. At room temperature, it gives immediately a good approximation 

for the value of the fundamental band gap. In the case of semiconductor alloys, if 

the dependence of bandgap energy on concentration is known, then the composition 

can be interpolated. Intensity is difficult to quantify, but it is very sensitive to the 

structural quality of materials. Any defect will reduce the emission intensity and 

impurities will manifest themselves by adding new feature to the spectrum. Moreover, 

PL is a non-destructive technique and does not require systematic sample preparation. 

It is very sensitive to external perturbation. Temperature variation, application of 

an electromagnetic field and high pressure affect strongly the characteristics of PL 

spectra, therefore yielding precious information on the band structure. 

For all these reasons, PL is an indispensable characterization tool for the optimiza

tion of growth parameters. However, PL is not a sufl&cient characterization technique 

by itself. PL is complementary to other types of spectrometric, structural, and elec

trical measurements like absorption, x-ray diffraction, and Hall measurements. 

This appendix only gives important details concerning the experimental conditions 

under which the measurements were done. Introduction to photoluminescence can 

be found in many excellent books (for example, Yu and Cardona [81]). In addition, 

several reviews can be found (Williams and Bebb [49] and Gilliland [44]). 

Excitation sources used in this work were either a pulsed nitrogen laser (337 

nm) or an ion argon laser (488 and 514 nm). The argon laser was preferred, but it 

was not available for the first photoluminescence experiments on GaAsN. Using the 

argon laser, the power was keep constant at 100 mW and the excitation intensity was 
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reduced using sets of neutral density filters. The excitation intensities never exceeded 

40 mW or approximately 10 W/cm. 

The sample was mounted on a cold head assembly. Temperature could be con

trolled continuously from lOK to room temperature. Sample temperature was recorded 

using a silicon diode located close to the sample. 

Luminescence was collected from the excited surface. The emitted light was then 

coupled to a single grating 0.67 m spectrometer. The cahbration of gratings (600 

and 1200 grooves/mm) was performed at regular intervals using several lines of a low 

pressure mercury lamp. All gratings showed a linear response. Only a constant offset 

was needed to calibrate the spectrometer response to reference values. 

At the spectrometer outputs were coupled a germanium detector and a cooled 

Ag-O-CS photocathode multiplier tube. Electric signals were pre-amplifier and then 

amplifier with a phase sensitive lock-in amplifier. All instruments were controlled 

using a computer. 

All spectra were corrected according to the spectral efficiency of all optical com

ponents (filters, gratings) and detectors (germanium and photomultiplier tubes: UV, 

VIS, and IR). The response of the detection scheme was also measured independently 

for s and p polarizations. 
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X-RAY DIFFRACTION 
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In 1912, von Laue, Friedrich and Knipping have shown that x-ray diffraction was 

an incomparable tool for the investigation of the fine structure of matter. A few 

years later, in 1917, the theory behind the phenomenon of diffraction by crystals 

was developed almost simultaneously by Bragg, von Laue, Darwin and Ewald. Since 

then, x-ray diffraction (XRD) has been the most important tool for experimental 

investigations in crystallography. This technique permits to characterize the most 

important properties defining crystals. Not only XRD reveals the structure, orienta

tion, and unit of periodicity of crystals but also allows the evaluation of its quality 

and composition. 

There is a large variety of instruments that can be used to study crystals with 

x-rays. Measurements can be done in many configurations, each one bearing the 

name of an important contributor (Laue, Debye-Sherrer, and Guiner). The choice 

of configuration depends on the type of samples and the information needed. The 

configuration used in this work is called high resolution x-ray diffraction (HRXRD). 

It is used to characterized crystals of very high quality. High-resolution means that 

the beam of x-ray is collimated within a very small angle, therefore allowing a more 

accurate determinatin of diffraction angles. 

This appendix only gives important details concerning the experimental condi

tions under which the measurements were done. Excellent books on x-ray diffraction 

can be found. Cullity's book is well known and is a good reference for any topic 

related to XRD [82]. Reference [61] deals specifically with the characterization of 

single crystals by HRXRD. Important information can be found for an optimal use 

of modern diffractometers. 

All measurements were done in the (4-M) crystal configuration using a K^ ra

diation from a cupper anode. The diffraction of layers was always interpreted with 

respect to the diffraction of the substrate. The main refiection used was from (004) 

planes. (115±) refiections were used only in certain cases were the state of the epitax

ial layer, strained or relaxed, was indeterminate. From the relative angular separation 

between substrate and layer (004) reflections, the lattice-mismatch was calculated and 

converted to a strain-free bulk lattice constant using parameters given in Table 4.4. 

From this lattice constant, the layer composition was determined from Vegard's law, 

i.e., a linear interpolation of the lattice constant from the binary constituents. The 

presence of interference fringes permitted to determinate the layer thickness in case 

of single layers. The presence these fringes is very sensitive to the quality of the 
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substrate-layer and layer-air interfaces. Therefore, multiple fringes testify of rela

tively sharp interfaces. 

For further characterization of single layers and superlattices, x-ray diffraction 

simulation was a very useful tool. A commercial software was used. The calculation 

was based on the Tagaki-Taupin dynamic x-ray theory. By fitting the experimen

tal data, simulation permitted to characterize the widths of diffraction peaks and 

thickness of single layers. In the case of superlattices, simulation is a great tool for 

determining the characteristics of the structure (well composition, well thickness and 

periodicity). 

The calculation of allowed refiections of sphalerite and chalcopyrite ZnSnP2 in 

Section 6.3 was done for a randomly oriented powder (see [82]). For the structure 

factor calculation presented in Fig. 6.7, the preferential arrangement of nitrogen 

atoms was taken into account by adding an occupation factor to the calculation. 
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Commensurate growth of strained layers on a substrate implies that the in-plane 

lattice constant of the layer adopts the lattice constant of the substrate. Assuming 

that the substrate has a (001) surface and that the layer is initially of cubic symmetry, 

the biaxial strain imposes a tetragonal distortion. The change in size and symmetry 

can significantly affect the electronic properties. A change in unit cell volume produces 

a shift of the conduction and valence bands and, depending on the state of the layer, 

the bandgap increases (layer in compression) or decreases (layer in tension). A change 

in symmetry, from cubic to tetragonal, removes the degeneracy of the light-hole and 

heavy-hole valence bands at the F point. 

It is quite important to take into account the effect of commensurate growth on 

the electronic properties of the strained material for optical characterization and for 

device design. This section describes a basic method for the calculation of the effects 

of strain on the position of the band egdes. 

The development made here is for a (001) substrate whose normal is arbitrarily 

labeled z. In this case, the stress tensor takes a particularly simple form. The 

stress tensor Gij, where (i, j = {x,y,zY), represents the magnitude and direction of 

the forces acting on the layer. Only the three diagonal components oa need to be 

considered. Shear components Oi^j would lead to a unit cell deformed in such a way 

that the resultant lattice vectors would be non-orthogonal, which is not the physically 

possible here. Since only diagonal components are used, GH can be simplified to Oi 

Only normal forces act to deform the unit cell of the epitaxial layer, therefore the 

strain tensor e^j, representing the deformation of the unit cell, also takes a simple 

form, i.e., Cĵ j = 0. The resulting components, denoted ê , represents the fractional 

increase (or decrease) along each orthogonal direction. 

For reversible deformations, the strain and stress tensors are related to each other 

via Hooke's law. The proportionality constant is the elastic constant tensor Ciy In 

the case of materials of cubic strucutre, symmetry requirements impose equal diagonal 

components C\\ and equal off-diagonal components Cyi- All these simplifications lead 

to 

^ x Cu 

Ci2 

Cl2 

Ci2 

Cu 

Cl2 

Cl2 

Cl2 

Cu_ 

ex 

Cy 

ez 

(C.l) 
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Commensurate growth imposes direct biaxial strain and, as a result of non-uniform 

stress, a uniaxial strain. The biaxial strain, or lattice mismatch, is defined as 

en = , l* -̂̂ ; 
a 

where e\\ = e^ = ty, asubs and a are the lattice constant of the substrate and the 

unstrained layer, respectively. Cx = Cy is directly obtained from Eq. C.l for equal 

in-plane stress components, a^ = Gy. Since no normal force is applied, GZ = 0, the 

same equation imposes that the uniaxial strain e± = ê  is given by 

e . = - ^ e , , (C.3) 
^11 

Effects of commensurate growth on band edges can be described by 

(C.4) ^Evbe,hh — H -{- S 

AE,be,ih = H-S-5 

^E^bedh = H + 5. 

In these equations, H and S represent the energy shift produced by hydrostatic strain 

and uniaxial strain, respectively. 6 corresponds to an additional repulsion between 

light-hole and split-off valence bands. Using the phenomenological deformation po

tential theory [83], the definition for H, H' S, and 6 is given by 

H' = ac(2e||-t-ej 

H = ay{2e\]-^ e±_) 

S = &,;(ej.-e|i) 
(C.5) 

6 = lAso i + i£Vi + £ + l(i)^. 

where ae, a„ and b are deformation potentials. Aso is the slit-off energy: the energy 

separating the split-off valence band to the light- and heavy-holes valence bands. 
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Figure C.l shows explicitly the effects of hydrostatic and uniaxial strain on the band 

edges for tensile (ey > 0) and compressive (ey < 0) strain. 

CBE 
H' 

CBE 
H'.. 

CBE 

VBE„ 

VBE ob-ys 

VBE Sfi-

H 

H 

VBE Ih.hh 

VBE so 

H 

H VBE 
sa_ 

VBE tltL 

VBE UL 

^&i'-^^ 

Tensile strain 

=71 

Unstrained Compressive strain 

Figure C.l: The effect of strain on band edges for the 
cases of compressive and tensile strain. 

Hydrostatic components {H and H') change the value of the bandgap by a(2e|| -f-

e±). a is the sum Oc + Oy and is proportional to the change in bandgap with pressure. 

a = â  -f ttc = - - ( C i i -\- Cu)—/^ 
3 dp 

(C.6) 

Unixial strain splits the fourfold degenerate valence bands. Light- and heavy-holes 

bands are now separated by 25 at /c = 0. The LH-SO coupling, 6, increases approxi

mately quadratically with S. If 5 <C Ago, the coupling can be neglected. 
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THE RESONANT TUNNELING METHOD 
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Quantum mechanics has its share of classic problems. Due to the relative sim

plicity of its mathematical treatment and its rich physical insights, the most popular 

example demonstrating quantization is certainly the one-dimensional square quantum 

well. It certainly deserves its reputation in semiconductor physics: Quantum wells 

are often one of the most critical parts of semiconductor devices. 

This section presents a simple method for the calculation of energy levels in quan

tum wells. The Resonant-Tunneling-Method permit to calculate allowed energy states 

of arbitrarily shaped wells. 

It is quite easy to fabricate quantum wells with semiconductors. A confining 

potential is obtain by introducing a narrow gap material between layers of a wider 

bandgap material. The natural band alignment defines the confining potential for 

electrons AEc and holes AEy. Confining potentials are defined on Figure 4.1 on page 

48. 

An accurate treatment of the quantum mechanical problem of confinement in 

semiconductor layers is by no means simple. Fortunately, it can be simplified to a 

great extent and still represents most experimental observations. The envelop func

tion and effective mass approximation are used. A one-band effective mass model is 

considered sufficient here to treat the problem. 

In the context of these approximations, the differential equation to solve is the 

one-dimensional single-particle Schrodinger equation 

-^V{x) 
2mo V ̂ ^ ^* (^) ^^ 

V (̂x) = Eip{x) (D.l) 

where m*{x) and V{x) are the position-dependent effective mass and potential, respec

tively. The interfaces between semiconductor materials give the necessary boundary 

conditions for a complete solution. The first boundary conditions is the usual conti

nuity of the wave function. The second boundary equation is modified to satisfy the 

continuity of the flux of particles across the interface: 

1 dip^(x) 1 dip2{^) ,^ 

ml dx m,2 dx 

This mathematical problem has been solved for every potential yielding an ana

lytical solution. These potentials usually have an high degree of symmetry. Common 

108 

e:Mi^w':smiii^-^>s:m:f;zi^'-••asJiifa^gj^ia^ir.agisaBP^... P 



semiconductor structures like multiple quantum wells and asymmetric wells cannot 

be solved analytically without approximations. In these cases, numerical solutions 

are needed. It would be wrong to think that numerical techniques are a last resort 

technique; the versatility and the rapidity of the method described here gives are very 

satisfying. 

The resonant tunneling method is very similar to an optic problem. Each region of 

the potential is represented by a transmission matrix, exactly like an optical element. 

The transmission of the whole structure is obtained by multiplying the individual 

matrices. Finally, the dependence of the transmission of the whole structure on the 

energy shows sharp transmission probabilities corresponding to allowing energy levels 

in this complex structure. 

The method assumes that in every regions of the potential, a plane-wave solution 

to the Schrodinger equation describes the state of the particle. Respectively to the 

energy of the particle, the plane-wave solution is either 

iP(x) = Cie+^^^ 4- C2e- '̂=^ E > V{x) (D.3) 

for allowed regions or 

'0(a;) = C3e+"^ + C4e-"^ E <V(x) (D.4) 

for forbidden regions. The propagation constants are given by 

K^) = \l^-f[E-V{x)] (D.5) 

and 

a{^) = ^^-^[V{x)-E], (D.6) 

where E is the energy of the the particle of mass m*. The method can be applied to 

an arbitrary potential by dividing it in a large number of narrow step-like potentials. 

This is useful for the calculation of energy states in graded composition wells. In this 
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kind of structure, the composition of an alloy is change gradually and a smooth and 

continuous variation of the band edges with position is obtained. 

Single wells can easily be solved by finding the roots of a simple energy-dependent 

transcendental equations. The same is true for an infinite succession of wells (infi

nite superlattice). For other structures, like a finite superlattice, the transcendental 

equation gets more complicated and, moreover, changes with the number of wells. By 

representing regions of potential by matrices, any structure can be represented. The 

greatest advantage of this method is its versatility, it can be applied to any type of 

potential. 

By convention, the problem considers a transmitted particle travelling from left 

to right while a reflected particle travels in the opposite direction. The transmission 

from region 1 to region 2 separated by an infinitely small thickness dx is given by the 

following equation: 

1 
1 

1 
to

 
+ 

to
 

I 
1 

= 
tn ti2 

^21 ^22 

'ci 
CI 

(D.7) 

where the constants C'^ and C~ are the coefhcients of the plane wave solution trans

mitted and reflected, respectively. The coeflacients tij of the local transmission matrix 

can be found from the boundary conditions. The transmission matrices are calculated 

for different regions composing the potential structure. There are four of them 

• Propagation through a well 

• Propagation through a barrier 

• Transmission through a interface: well —> barrier 

• Transmission through a interface: barrier —)• well. 

The first two matrices are easily calculated. There are given by 

^w 

pi fk{x)dx Q 

n p—ifk{x)dx 
(D.8) 

and 
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tb 

Q-fa{x)dx Q 

0 pfa{x)dx 
(D.9) 

respectively. The integration is for the special case where an electrical field tilts an 

otherwise fiat region of the potential. The calculation of the transmission matrices 

through interfaces requires a little more algebra. The transmission from a well to a 

barrier is given by 

•"W-

1 
2 

I — j^mh-k. -^ I j^rni, k 
rriu) a ruw a. 

\ -X- i "^b k. 1 _ n "16 fc 
(D.IO) 

while the transmittions from a barrier to a well is given by 

tb- >w 

1 
2 

1-i 

1 + z 

ruyj a 

rrn, k 

•m-u) a. 
mi k 

1 + i ruw PL 
mj, k 

l - i :mw ot m. 
mi, k _ 

(D.ll) 

In these equations, the subscripts w and b refers to the well and barrier regions, 

respectively. The propagation constants k and a are calculated very close to the 

position of the considered interface, on their respective side of it. Having found 

the local transmission matrices, the transmission matrix of the complete structure 

composed of n elements is given by 

T — tntn-l • • •^2^1- (D.12) 

The energy-dependent transcendental equations of the structure is obtained by 

setting r22 equal to zero. Therefore, by plotting 1/T22(£^), energy eigenvalues are 

represented by sharp maxima. 

I l l 

B?aac3jrnim« 



tcrEnsav WmUMIMHUW 


