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GaAs) N, alloy films (0 < x < 0.055) grown on GaAs (001) substrates by
metalorganic vapor phase epitaxy (MOVPE) using TBAs and DMHy as As and N
precursors, respectively, were investigated by Raman spectroscopy. It was found that,
with incorporating N up to x = 0.055, a single N-related localized vibrational mode
(LVM) is observed at around 468 - 475 cm™'. We investigated the N-related LVM Raman
intensity (/Lym) and frequency (@yyy) as a function of N concentration. Both the /; vy and
the w;ym were found to rise for the GaAs,.N, films with higher N incorporation. It is also
evident that the N concentration in the GaAs;..N, grown films determined by Raman
spectroscopy technique (Xgaman) €xhibits a linear dependence on the N concentrations
determined by the high resolution X-ray diffraction (HRXRD) (xxrp). Our results
demonstrate that the linear dependence of the xgaman On the xxgp provides a useful
calibration method to determine the N concentration in dilute GaAs;.\N; films (xxgp <
0.055).

Although, the FTIR spectra of GaAs;.N, films can not be observed due to the
limit of the instrument. On the other hand, the 8.5K-PL peak energy of the GaAs;..N;
films was varied from 1.39 to 0.97 eV with increasing N content up to 5.28%. A large red
shift in PL peak position demonstrates a large bowing parameter of the GaAs;.N, alloy

layers due to the incorporation of N into the lattice.
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CHAPTER |

INTRODUCTION

1.1 Motivation

Recently ternary GaAs;.«Nx and quaternary InyGai.,AsixNy alloys have
attracted interests because of their unique electronic and optical characteristics. It is
well known that the incorporation of a small amount of N in GaAs;xNy leads to a
decrease of the bandgap energy due to the large bandgap bowing, and to an increase
of the electron effective mass. These alloys have been studied because of their
potential applications in long wavelength optoelectronic devices [1, 2] and high
efficiency multijunction solar cells [3]. A great deal of work has been done on the
epitaxial growth and characterization of the 111-\V-N type alloys in order to control the
bandgap and electrical properties by controlling the alloy composition. While the
bandgap and lattice constants as a function of the alloy composition for GaAs;.xNy
have been studied [1 - 4], further work is obviously necessary to investigate the
micro-(nano-) structural and optical properties of GaAs;«Nx as a function of N
concentration and to determine the alloying effect of GaN on GaAs.

High resolution X-ray diffraction (HRXRD) is a traditional and powerful
technique that has been widely used for crystal structure analysis of epitaxial films
[5]. From HRXRD measurement, one can determine the crystalline quality of the
GaAsi.xNy films and the N concentration in the GaAs;.«Nx films.

On the other hand, Raman spectroscopy is a powerful technique to obtain
information on crystal structure through measuring the vibrations of the crystal lattice.
Raman spectrum provides a sensitive tool for studying the impurity incorporation in
the crystal lattice and the structural defects [6]. It is known that for the GaAs;.xN
alloy, the N-related localized vibrational mode (LVM) absorption is directly
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proportional to the N concentration. Thus, Raman spectroscopy technique can be used
to determine the N concentrations in the GaAs;.xNy epitaxial films.

To investigate the optical properties, low-temperature photoluminescence
(LT-PL) is widely used for this alloy system. It is due to the degradation of crystalline
quality, which induces an increase in the rate of non-radiative recombination,
resulting from the incorporation of N. The LT-PL yields the effects of N incorporation
in GaAs;«Ny. In the thesis, structural and optical investigations of GaAs;«Nx epitaxial
films on GaAs are described. The techniques used in this thesis are HRXRD, Raman
scattering, Fourier transform infrared spectroscopy, and LT-PL. The goals of this
thesis are

1) to determine the N concentration in the GaAs;«Ny epitaxial films using
HRXRD measurements,

2) to apply Raman scattering spectroscopy to determine the N concentration
in the GaAs;.«Nyx epitaxial films and compare the results with the N concentration
determined by HRXRD, and

3) to investigate the relationship between the N concentration and band gap

in the GaAs;.xNy epitaxial films

1.2 Organization of the thesis

The focus of the thesis is to describe the structural and optical properties of
GaAsi.xNy, emphasize on the effect of N incorporation. The thesis is organized as
follows.

In Chapter 11, the knowledge of the characteristic physical properties for the
GaAs1xNy alloys is presented. The parameters being considered are lattice constant
(a), bowing parameter (b), energy gap, etc. The experimental methods (HRXRD,
Raman scattering and PL) used in this thesis, and the MOVPE growth information for
GaAs;.xNy samples are presented.

In Chapter 111, the structural investigation of GaAs;«Nx films (0 < xxrp <
0.055) analyzed by HRXRD are described. The N concentration in the GaAs;xNy
epitaxial films are determined and discussed.
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Chapter 1V presents the results of Raman scattering study on the GaAs; «Nx
epitaxial films (0 < xxrp < 0.055). Integrated intensity of Raman spectra were used to
determine the N concentration in GaAs;.xNy.

Chapter V describes the correlation between PL peak energy and the N
concentration of GaAs;.xNyx epitaxial layers. Experimental results are concerned with
the effect of N incorporation.

Finally, chapter VI gives the conclusions of this thesis.



CHAPTER II

GaAsN ALLOY AND
EXPERIMENTAL BACKGROUND

2.1 Introduction

The GaAsN alloy semiconductor has attracted considerable attention
because of its unique physical properties and its technological application for
optoelectronic devices in fiber optic communication networks [4]. The most widely
used single-mode optical fiber has a chromatic dispersion minimum at a wavelength
of 1.3 um and an attenuation minimum at 1.55 um [7]. It also has local attenuation
minima at 0.85 um and 1.3 um [7]. The properties of the optical fiber have fixed these
wavelengths as the optical communications wavelengths [7]. Semiconductor lasers are
used as emitters in optical communications. For several years, it has been a lot of
research on developing the GaAs-based active material for the optical communication
wavelengths. In 1992, a surprise came in the discovery that a significant red shift of
the wavelength when a small fraction of N was alloyed into GaAs to form a ternary
alloy GaAs;xNyx [8]. The highly unusual large bandgap reduction achieved by mixing
N into GaAs opens the possibility to gain access to the 1.3 and 1.55 um wavelengths
[1, 2, 4, 7, 9]. Due to the very exceptional physical properties of this alloy, the basic

parameters such as energy gap (E, ), bowing parameter (b) and lattice constant (a) are

necessary to investigate. Thus, this chapter introduces the physical properties of
GaAsixNy, the preparation of GaAs;.«Nx epitaxial layers, and the experimental

methods used in the studies.



2.2 Properties of GaAsN alloy semiconductor

GaAsixNy crystallizes in the zincblende (cubic) structure. Figure 2-1
presents the conventional unit cell of GaAs;«Nx where blue, pink and green atoms
represent Ga, As and N atoms, respectively. The distinctive properties of the GaAs;-
«Nx alloy arise from the large size difference between the N and As atoms. Covalent
radius of the N atom is 0.068 nm and that of the As atom is 0.121 nm [7]. Physical
properties of the GaAs;.\Ny alloy have change gradually from the properties of GaAs
to that of GaN with increasing N concentration (x). Table 2-1 shows some material
parameters of GaAs and cubic phase GaN (c-GaN). Most of the material parameters
change linearly on the N concentration (x). The useful method for estimation of the
material parameters of any alloy semiconductor is known as the interpolation method
[10]. The material parameters (P) of the ternary alloys can be linearly interpolated

from the binary data as
Page =X Py + (1_ X)'PAC (2-1)

for the ABxCi«x [10]. Some parameters such as lattice constant and elastic stiffness
constants, usually have a linear behavior with compasition, x, and then Eq. (2-1) gives
a good determination for such material parameters. These linear behaviors are known
as the Vegard’s law. However, for the GaAsN alloy semiconductor, the substantial
differences between the properties of the light-atom constituent (GaN) and the heavy-
atom constituent . (GaAs) contribute the bandgap energy (Eg), usually exhibit
nonlinear, and have an approximately quadratic dependence on-the composition

concentration, x
Eg,GaAsN =X- Eg,GaN + (1_ X)' Eg,GaAs —b-x- (1_ X) (2_2)

where b is the bowing parameter. Most of the researches on the bowing parameter of

the GaAs;xNx alloy semiconductor show that the value of b is huge, and strongly



‘ Ga atom
© As atom
o N atom

Fig. 2-1 The conventional unit cell of the GaAs;xNyx structure. This structure is the
zincblende (cubic) structure. The blue, pink and green atoms represent the Ga, As and

N atoms, respectively.

Parameters GaAs cubic-GaN
a (A) 5.653 [7] | 4.503 [15]
Eq (eV) 1.424 [16] | 3.3[17]

C11(10* dyn/cm?) 11.88 [18] | 26.4 [15]

C12 (10* dyn/cm?) 5.38[18] | 15.3[15]

Table 2-1 Some material parameters of GaAs and cubic-GaN obtained at room

temperature.
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Fig. 2-2 The relationship between lattice constant and energy gap of 111-V compound

semiconductors. The wavelength 1.3 and 1.55 um are indicated.

depends on the N concentration (x) [11 - 13]. The recent experimental study on
GaAsixNy with N fractions as large as 15% confirmed the strong composition
dependence of the bowing, with values ranging from 20 eV for dilute alloys to 5 eV
for concentrated alloys [14].

Fig. 2-2 presents the relationship between lattice constant (a) and energy gap
(Eg) of the “IlI-V' compound semiconductors. For example, the isoelectronic
substitution of only 1% nitrogen in GaAs reduces the fundamental band gap by ~200
meV, leading to the so-called “giant band gap bowing” [4, 19]. The wavelength at 1.3
and 1.55 um are indicated, which shows that these wavelength located in the range of
the bandgap energy of GaAs; Ny with a few percents of N concentration.

Consider the elastic vibrations of the crystal; the energy of a lattice vibration is
quantized. The quantum of energy of crystal vibration is called the phonon energy

[20]. The energy of the phonon is @, where the angular frequency is . Phonon of

wavevector k has a momentum 7k . If there are n atom in the primitive cell, the
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phonon dispersion relations @ (k ) will have 3 acoustical phonon branches and 3n-3
optical phonon branches. Since GaAs has two atoms per unit cell, there are six-
phonon branches. These are divided into three optical branches with two transverse
and one longitudinal and three acoustic branches with two transverse and one
longitudinal. Classification of transverse or longitudinal phonons is according to their
displacements which are perpendicular or parallel to the direction of the wave vector.
The frequencies of phonon can be determined by several techniques such as the
neutrons scattering, infrared reflection, and Raman scattering. Table 2-2 shows the
transverse optical (TO) and longitudinal optical (LO) phonon frequencies of GaAs
determined from lattice reflection spectra [21]. In Raman scattering process, both
energy and wavevector of phonon are conserved [21]. Due to the conservation of
wavevector, first-order Raman scattering probes only zone-center phonon (k = 0).
Observations of the k = 0 optical phonon in GaAs are shown in Fig. 2-3 (a). Including
in second-order Raman scattering, which is accompanied by the creation of two
phonons, or absorption of two phonons, or the creation of one and the absorption of

another phonon, the conservation of wavevector is satisfied when k, +k, = 0. k, and
k, are the wavevectors of the phonons a and b, respectively. Second-order Raman

spectra have been observed and analyzed in numerous crystals. Measurements on
GaAs are shown in Fig. 2-3 (b).

A new vibrational mode that localized around an N atom is appear when the N
atom substitutionally replaces an As atom, due to the N atom is lighter than the As
atom. This mode is called the localized vibrational mode (LVM) which does not
propagate through the crystal. The vibration is around a nitrogen atom and its nearest
neighbors [22]. The LVM can be observed by Raman scattering measurement. The
LVM at 471 cm™ is used as a quantitative tool to assess the substitutional N fraction
[23].

Temperature (K) | or(cm™) | @ (cm™)
4.2 273.3 297.3
296 268.2 291.5

Table 2-2 The TO (wr) and LO (@) phonon frequencies of GaAs determined from

lattice reflection spectra.



—~ | I LO (GaAs)

=i (a)

Al

>

- |

‘n

C L

(«b]

e

St

C [TO (GaAs)

St

sl W

S

D: T y T y T T T T T T T
200 300 400 500 600 700

. -1
Raman shift (cm )

-

S (b)

<

d

‘D

-

S

]

=

cC

©

&

©

D: .

400 450 500 550 600 650 700

Raman shift (cm™)

Fig. 2-3 Observation at the k = 0 for optical phonon in GaAs is shown in (a). Second-
order Raman spectrum on GaAs is shown in (b).



10

It is known that the integrated intensity of GaAs-LO (lgaas-Lo) In GaAs; «Ny is
proportional to As concentration and that of N-related LVM (I.ym) is proportional to
N concentration. Then Xraman from the Raman measurement can be calculated as
follows [4];

I
_ LVM
XRaman = fll | (2-3)
“lGaas-Lo T 1Lvm

where f represents the relative N-related LVM oscillator strength with respect to that
of the GaAs-LO phonon.

2.3 Experimental background

2.3.1 Preparation of GaAsN alloy samples

GaAsi.xNy epitaxial films used in this study were grown by low-pressure (60
Torr) metalorganic vapor phase epitaxy (MOVPE) at Prof. Kentaro Onabe’ s
Laboratory, Department of Advanced Materials Science, the University of Tokyo
[24], Japan. MOVPE growth used trimethylgallium (TMGa), 1, 1-dimethylhydrazine
(DMHYy), tertiarybutylarsine (TBAs) as the source materials of Ga, N and As,
respectively. Ultra-high purity H, was used as a carrier gas at flow rate of 1.5 sIm.

All GaAs;.xNy films were nominally un-doped and grown on semi-insulating (SI)

GaAs, N, 98 — 285 nm
475-550°C
GaAs buffer ~100 nm
700 °C
GaAs (001)
substrate

Fig. 2-4 The schematic illustration of GaAs;.xNx sample used in this thesis.
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Samples [DMHy] (pmol/min) | T, (°C)
MO-0072 500 550
MO-0053 1,000 550
MO-0073 1,500 550
MO-0054 2,000 550
MO-0055 3,000 550
MO-0056 4,000 550
MO-0080 2,000 500
MO-0076 3,000 500
MO-0075 4,000 500
MO-0074 5,000 500
MO-0104 5,000 475

Table 2-3 GaAsN alloy samples used in this studies and the molar flow rates of
[DMHy] and the growth temperature (T).

GaAs (001) substrates at temperatures ranging from 475 to 550°C. An un-doped GaAs
buffer layer of ~100 nm was first grown at 650°C. The substrate temperature was then
reduced to 475-550°C for the growth of GaAs; xNy layers. The [TBAs])/[TMGa] ratio
was maintained at 15. The molar flow rates of [TMG] and [TBAs] were fixed at 8.64
and 129.70 umol/min, respectively. The molar flow rate of [DMHy] was varied in the
range of 0 to 5000 umol/min. Table 2-3 presents samples used in this study and the
flow rates of [DMHy] and the growth temperatures. And, the schematic diagram of
structure of the GaAs;xNy sample is displayed in Fig. 2-4.

2.3.2 High resolution X-ray diffraction

High resolution X-ray diffraction (HRXRD) is very powerful technique
that is indispensable for crystal structure analysis of the epitaxial films. HRXRD

measurements were carried out to determine the strain properties and the N
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concentration (x) of the epitaxial GaAsixNyx films. Both symmetric (004) and
asymmetric (115) reflections were measured, to determine the lattice constants of

GaAsN layers perpendicular (a,) and parallel (a,) to the GaAs (001) surface. The

symmetric and asymmetric reflections are (004) 2e/®w scan and (115) w/2e scan
mapping, respectively. Figure 2-5 shows HRXRD profile (004) of the GaAsN layer
on the GaAs (001) substrate. Optimization of 2e/w scan is done for the Bragg peak of
the GaAs substrate as a reference crystal. The GaAsN layer was grown at 550°C and
the molar flow rate of [DMHy] was 2000 pumol/min. The narrow GaAsN diffraction
peak and Pendellosung fringes are clearly observed. This indicates that the GaAsN
epitaxial film has a high crystal quality and coherently grown on the GaAs substrate.
The diffraction peak of GaAsN appears with higher value of 2e/w, This shows that the

GaAsN layer has tensile strain. The value of a, is estimated from the separation
between the GaAs and GaAsN diffraction peaks by the following equation;
A

Zsin(zehk'j
2
aL

vh? +k? +1?

Bragg’s law. 2dsind=nAi ; d, (2-4)

d hkl- = (2-5)

From these equations, the value of a, is estimated to be 5.612 A. The thickness of

GaAsN layer was calculated by usual formula [25] to be 240.72 nm.

It is well known that the inclination between the asymmetric plane of
substrate and that of the epitaxial film is usually observed if the film is subjected to a
tetragonal distortion [5]. The angle y between the (001) and the (115) planes of

strained layer is given by;
z//ztan‘l(\/f-al/S-a,,) (2-6)

If the lattice parameter has cubic symmetry, such as lattice matched layer, fully
relaxed layer or GaAs substrate (a, = a,), v = tan‘l(\/?IS). However, y for the

epitaxial films under the elastic distortion depends on the lattice parameter a, and
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a, . The tilt angle Ay between the GaAs (115) and the GaAsN (115) planes is

represented by;
Ay = tanfl(x/?IS)— tanfl(\/i -a, /5-a,,) (2-7)

As seen in Fig 2-6, a single scan cannot determine the diffraction angle with enough
accuracy, because the conventional 2e/m scan can measure only one of [115] direction
of either substrate or strained layer. Usually, Ay is determined by two 2e/® curves

with the sample rotated by 180°around (115) plane normal [5].

GaAs (004)

Pendelldsung fringes ~ 55AsN (004)

Intensity (a.u.)

660~ — 66,4 66.8 672

20/0 (deg.)

Fig. 2-5 High resolution (004) X-ray diffraction profile of GaAsN layer on GaAs
(001) substrate. The GaAsN layer grown at 550°C and the flow rate of DMHy is 2000

umol/min.
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Fig. 2-6 (115) HRXRD map of the GaAsN layer grown on GaAs. The tilt angle Ay
between the GaAs (115) and the GaAsN (115) planes is 0.108°.

Figure 2-6 presents a typical (2e/w) - Aw mapping around the (115)
diffraction peaks. Both the diffraction peaks from the GaAs (115) and the GaAsN
(115) planes are directly observed. The offset Aw of the separation between the GaAs
and GaAsN peaks is estimated to-be 0.108°. Thus the tilt angle Ay between the GaAs
(115) and the GaAsN (115) planes is 0.108°. The value of a, calculated using Eq.(2-

7) is 5.653 A, which corresponds to the lattice constant of GaAs. This result implies
that the GaAsN layer was coherently grown on the GaAs substrate.
The N concentration (X) in GaAs;«Nx can be estimated from the unstrained

lattice constant, ag, expressed by

ao — 2(:lZa'// + Cllai (2_8)
2C, +C,,
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dp =Xagan t (1— X) Agans (2-9)

GaN GaAs
X8,y C11 + (1 B X)aGaAan
Q,

Ch= (2-10)

GaN GaAs
X8,y C12 + (1 B X)aGaAsClZ
a

Cp = (2-11)

where Cy; and Cy; are the elastic constants of GaAs;«Ny. acan and acaas are the lattice
constants of the unstrained cubic-GaN and GaAs, respectively. These four equations
were used to determine the N concentration in a series of the GaAsN epitaxial films
with different [DMHYy] flow rates [10].

2.3.3 Raman scattering spectroscopy

When the monochromatic high frequency laser light is incident on the
sample, the frequency of the scattered light differs from that of the incident light by
the frequency of an optical phonon, the scattering process is called Raman scattering.
Inelastic scattering of light by molecular vibrations was first reported by
Chandrasekhara Venkata Raman. In 1930 Raman was awarded the Nobel prize for his
discovery of Raman scattering [21]. In Raman scattering, the incident light beam is
scattered with relatively large frequency shift independent of the scattering angle. The
Raman spectrum has Stokes and anti-Stokes branches corresponding to the emission
and absorption, respectively.

The frequencie (@) and wavevectors (k) for the first-order Raman scattering
are

w, =0,tw (2-12)

k =k, £k (2-13)

where @, ki refer to the incident photon; ax, ks refer to the scattered photon; and , k

refer to the phonon created or destroyed in the scattering event. In the second-order
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Raman scattering, two phonons are involved in the inelastic scattering of the photon
[20]. For two different phonons, peaks with Raman frequencies w, + @, and w,— ay
are referred to as the combination and difference modes, respectively, where @, and
ay are the frequencies of the two phonons involved. If the two phonons are identical,
the resultant two-phonon Raman peak is called an overtone [21]. Fig. 2-7 presents

Stokes and anti-Stokes branches of Raman spectrum in first-order Raman scattering.

;. K; o, K

Stokes Anti-Stokes

W =0, +® )

=0, —

k. =k, +K

k. —k

Fig. 2-7 Schematic representation of the first-order Raman scattering by optical

phonon.

The simplest scattering geometry is the backscattering. The wavevector k; and
ks are-antiparallel to each other. From wavevector conservation, the wavevector k of
the phonon must be along the [001] direction also for backscattering from a (001)
surface. Raman scattering by the TO phonon is forbidden in this backscattering
geometry. The scattering geometry is written as k; (ei € )ks, where ki and ks are the
directions of the incident and scattered photons; e; and es are the polarizations of the
incident and scattered photons. Thus, the scattering geometries for backscattering

from the (001) surface of a GaAs;.«Nx crystal are z(x,y)z or z(y,x)z.
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The Raman scattering focus is on atomic vibration, wavenumber unit (cm™)
is standard for vibrational studies. Wavenumber is the reciprocal of the wavelength of
the light. Since the phonon frequency is equal to the difference between the incident
photon frequency and the scattered photon frequency, this difference is referred to as
the Raman frequency or Raman shift. Raman spectra are usually plots of the intensity

of the scattered radiation versus the Raman shift in wavenumber unit (cm™).

2.3.4 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy is an analytical technique
used to investigate many aspects of materials including bandgap energy. This
technique measures the absorption of various infrared light wavelengths by the
material of interest. These infrared absorption bands identify specific molecular
components and structures. Because the material absorbs infrared energy at specific
frequency, the bandgap energy of the semiconductor materials can be determined by
the spectral location of its infrared (IR) absorption. FTIR spectrometer offers speed

and sensitivity impossible to achieve with earlier wavelength-dispersive instruments.

2.3.5 Photoluminescence spectroscopy

When the sample is-illuminated by light, the sample absorbed photons of
energy higher than bandgap and emitted photons of energy lower than the excitation
photons, this optical process is called photoluminescence (PL). The emitted light in
PL corresponds to the characteristic electronic transition energy of the samples. PL
emission band occurs at a position fixed by transition energy; it does not shift with
laser photon energy hv,. This is in contrast to a Raman emission line, which tracks
with hv, because it is the small redshift that corresponds to crystal excitation energy
[22].



CHAPTER Il

COMPOSITIONAL INVESTIGATION
OF GaAsN ALLOY LAYERS

3.1 Introduction

It is known that the accurate determination of the N concentration in GaAs;-
«Nx 1S very important, in order to control the bandgap and quality of the GaAs;«Nx
films. High resolution X-ray diffraction (HRXRD) has been widely used to analyze
structural quality and determine N concentrations of the GaAs;.xNx films. In this
chapter, the GaAs;xNy alloy films (0 < x <0.055) have been studied by HRXRD.

The N content in the GaAs;.xNx films were determined from a symmetrical
(004) and an asymmetrical (115) HRXRD measurements, assuming a linear

dependence of lattice constant on the N concentration.

3.2 HRXRD measurements

High resolution X-ray diffraction (HRXRD) measurements were done at,
Department of Advanced Materials Science, The University of Tokyo, and Scientific
and Technological Research Equipment Centre, Chulalongkorn University (the
Bruker-AXS D8 DISCOVER). HRXRD instrument set up are shown in Fig. 3-1.
HRXRD measurements were performed using a copper target (Keq = 1.5406 A) as the
radiation source. A detail about HRXRD method was described in previous chapter. In
addition, we used the simulation software using “the dynamic theory” to study the

thickness of the GaAs; «Nx layers as well as the N concentration.
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Hybrid monochromator

Detector
Monochromator
O Euler cradle X-ray tube

Fig. 3-1 High-resolution X-ray diffraction (HRXRD) instrument set up.

3.3 Results and discussion

All the GaAs;xNy films used in this study were investigated by HRXRD in
order to determine the N concentration (xxrp) and verify the structural quality. Figure
3-2 shows a symmetric (004) HRXRD scans obtained from a set of the GaAs;xNy
films with different N concentrations. As shown in the figure, compared with GaAs,
the peak shift to the higher diffraction angles was clearly observed with increasing N
concentration, indicating the reduction of a lattice constant (a,) normal to the (001)
surface with the N incorporation. The narrow diffraction peaks and the clear
Pendellosung fringes indicate that GaAsN films with high crystal quality were
coherently grown on the GaAs substrate. Table 3-1 represents the value of a, of the
GaAs;xNy films, which estimated from the separation between the GaAs and GaAsN
diffraction peaks, and the thickness of the GaAs;«Nx films calculated from the
Pendellosung fringes using standard formula [25]. The reciprocal lattice mapping of
an asymmetrical (115) reflection is shown in Fig. 3-3 for the GaAs;.xNy films with N
content of xxrp = 0.0275. It can be seen that the diffraction peaks of GaAs and
GaAsN located at the fully strained line. This suggests that the GaAs;.«Nx film was
coherently strained grown on the GaAs substrate. The offset Aw of the separation
between the GaAs and GaAsN peaks is estimated to be 0.108°. Thus the tilt angle Ay
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between the GaAs (115) and the GaAsN (115) plane is 0.108°. The value of

a, calculated using Eq. (2-7) is 5.653 A, which corresponds to the lattice constant of

GaAs. These results confirm that the GaAsN film was coherently strained grown on
the GaAs substrate.

GaAs(004) GaAsN/GaAs (001)
GaAsN (004)

DMHy [1000 umol/min]
T, [550°C]
x = 0.0095

2000 pmol/min
550'C
x=0.019

Intensity (a.u.)

2000 umol/min
500°C

A =0033

5000 umol/min
500°C

66.0 66.5 67.0 67.5 680 68.5
20/w (deg.)

Fig. 3-2 High-resolution (004) X-ray diffraction profiles of GaAs;.xNy layers grown
on the GaAs (001) substrates.



Samples a, (A) Films thickness (nm)
MO-0072 5.6443 248.5
MO-0053 5.6324 248.5
MO-0073 5.6219 285.3
MO-0054 5.6120 240.7
MO-0055 5.6019 202.7
MO-0056 5.5936 214.0
MO-0080 5.5844 214.0
MO-0076 5.5657 171.2
MO-0075 5.5519 197.5
MO-0074 5.5435 167.5
MO-0104 5.5330 97.5
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Table 3-1 The lattice constant (a,) of the GaAsi«Ny films, that estimated from the

separation between the GaAs and GaAsN diffraction peaks, and the thickness of the

GaAs1.xNy films calculated using standard formula.
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Fig 3-3 The reciprocal lattice mapping of an asymmetrical (115) reflection for the

GaAs; 4Ny films with N content of xxgrp = 0.0275.
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Figure 3-4 shows the reciprocal lattice mapping of an asymmetrical (115)
reflection for the GaAs;.xNy films with N concentration of xxrp = 0.051. This confirms
that such high N-containing GaAsN layer is also coherently strained and is of good
epitaxial quality. These results are an evidence of high crystal quality films with
higher N contents up to ~ 5%, obtained by the enhanced incorporation of N at lower
growth temperatures (~ 500°C) [24].

The N concentration, and the lattice constant (a,) of GaAsixNy films are
listed in table 3-2. As shown in this table, the value of a, decreases when the N
concentration increases. This indicates the tensile strain in the GaAs;.«Nx films
increase with N incorporation. The Axxgrp that displayed in this table estimated from
full width at half maximum (FWHM) of the GaAs and GaAsN diffraction peaks,

indicating higher accurate determination of the N concentration.
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Fig 3-4 The reciprocal lattice mapping of an asymmetrical (115) reflection for the

GaAs; 4N films with N concentration of xxgp = 0.051.
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Samples a. (A) XxrD | AXxrp
MO-0072 5.6443 0.0050 0.0003
MO-0053 5.6324 0.0095 0.0003
MO-0073 5.6219 0.0150 0.0005
MO-0054 5.6120 0.0190 0.0007
MO-0055 5.6019 0.0235 0.0009
MO-0056 5.5936 0.0275 0.0009
MO-0080 5.5844 0.0330 0.0005
MO-0076 5.5657 0.0410 0.0012
MO-0075 5.5519 0.0480 0.0009
MO-0074 5.5435 0.0510 0.0012
MO-0104 5.5330 0.0550 0.0012

Table 3-2 The N concentration (Xxrp), and normal lattice constant (a,) of the GaAs;.

«Ny films

In addition, to confirm the above results, the simulation software was used
to determine the N concentration and thickness of the GaAs;.«Nx alloy layers. The
parameters necessary for this simulation are strain, thickness, and N concentration of
GaAsixNy alloy layers. Figure 3-5 displays the High-resolution (004) X-ray
diffraction profiles of GaAs;xNx layers grown on the GaAs (001) substrates
represented by the red solid lines, and the simulation profiles represented by the blue
dashed lines. It is clearly seen in the figure that the (004) HRXRD profiles agree well
with the simulation profiles. These results confirm the accurate determination of both
the thickness and the N concentration of GaAs;.xNy layers, which are analyzed using
HRXRD.

The N concentrations and the thicknesses of the GaAsi.xNy alloy layers
which were determined by HRXRD measurements and simulation given in table 3-3.
As shown in this table, a good agreement between results from HRXRD measurement

and simulation was obtained.
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GaAs(004) GaAsN/GaAs (001)
GaAsN (004)

DMHy 1000 pumol/min]
T, [550°C]
x = 0.0095

2000 pwmol/min
550°C
x =0.019

Intensity (a.u.)

2000 pmol/min
500°C
x=0.033

5000 pmol/min
500°C
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Fig 3-5 The High-resolution (004) X-ray diffraction profiles of the GaAs; Ny layers
grown on the GaAs (001) substrates with different N concentrations, and the
simulation profiles. Red solid lines and blue dashed lines represent the HRXRD, and
the simulation profiles, respectively.
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Samples High resolution X-ray diffraction Simulation
Films thickness
Xxrp | AXxrp | Films thickness (nm) |  Xsim (nm)
MO-0072 | 0.0050 | 0.0003 248.5 0.0050 248
MO-0053 | 0.0095 | 0.0003 248.5 0.0095 248
MO-0073 | 0.0150 | 0.0005 285.5 0.0150 285
MO-0054 | 0.0190 | 0.0007 240.7 0.0190 241
MO-0055 | 0.0235 | 0.0009 202.7 0.0235 203
MO-0056 | 0.0275 | 0.0009 214.0 0.0275 214
MO-0080 | 0.0330 | 0.0005 214.0 0.0330 214
MO-0076 | 0.0410 | 0.0012 171.2 0.0410 171
MO-0075 | 0.0480 | 0.0009 197.5 0.0480 198
MO-0074 | 0.0510 | 0.0012 167.5 0.0510 167
MO-0104 | 0.0550 | 0.0012 97.5 0.0550 98

Table 3-3 The N concentrations in GaAs;xNx alloy layers which determined by
HRXRD measurement (xxrp) and simulation (Xsim). Also, the thicknesses of the
GaAs;.xNy layers were shown.

3.4 Summary

The structural quality and the N-concentrations of the GaAs; «N alloy alloy
films (0 < x < 0.055). have been. investigated by high resolution X-ray diffraction
(HRXRD). 1t has clearly ‘observed that the GaAs;«Nx alloy films which high N
contents up to 0.055, are coherently strained and good epitaxial quality. The N
concentrations in GaAs;xNx and the thickness of GaAs;.xNyx films are determined by
HRXRD measurement and simulation. The results from HRXRD measurement have a
good agreement with the results obtained from simulation. This confirms that the N
concentrations and the thickness of GaAs;.«Nx alloy layers estimated by the HRXRD

measurement are accurate.



CHAPTER IV

RAMAN SCATTERING OF GaAsN
ALLOY LAYERS

4.1 Introduction

Raman spectroscopy is a powerful technique to obtain information on crystal
structure through measuring the vibrations of the crystal lattice. Raman spectra
provide a sensitive tool for studying the impurity incorporation in such structure and
the structural defects [6]. It is known that N-related local vibrational mode (LVM)
absorption is directly proportional to the N concentration in GaAs;«Nx. Seong et al.
compared the N concentrations in GaAs;xNy determined by Raman spectroscopy
technique (Xraman) With those determined by X-ray diffraction (XRD) (Xxrp) [4]. They
demonstrated that that Xgaman €xhibits a linear dependence on xxrp for xxrp < 0.03 and
some deviation from the finear dependence for xxgrp > 0.03. In this chapter, we first
review the results of Raman spectroscopic studies on the ‘local bonding of N in
GaAs1xNy with N-concentrations- up to Xxrp = 0.055. Secondly, we describe the N

concentration dependence of the LVM in GaAs;«Ny films.
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4.2 Raman Scattering Measurements

Micro-Raman scattering used in this study were done with the Renishaw
ramascope RM1000 at The Gem and Jewelry Institute of Thailand, Faculty of Science,
Chulalongkorn University. Raman spectra were recorded at room temperature in
backscattering geometry on the (001) growth surface of samples. The scattering
configuration of z(x, y)Z is used, where x, y and z correspond to the (100), (010) and
(001) crystal directions, respectively. The spectral range was set at the wave number
of 250 - 700 cm™. The Ar* 514.5-nm laser line was used as an excitation light source.
The excitation laser beam was focused by a microscope lens system yielding a spot

size ~ 2 - 4 um in diameter. Raman spectroscopy set up is shown in Fig. 4-1.

monochromater
Objective lens a
| — CCD
sample =N detector
= |
mirror 10

lens

Art laser
(514.5 nm)

Fig. 4-1 The experimental set up for Raman scattering measurements.
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In the case of GaAs, the optical penetration depth (d = 1/a ; where a is the
absorption coefficient) is about 100 nm for a photon energy of 2.41 eV (or 514.5-nm
wavelength, corresponding to the green line of Ar" laser) [26]. Thus, Raman scattering
with incident light wavelength 514.5 nm is a great technique to study the regions of
thin GaAsN films with thickness as thin as 100 nm. The number of samples used in
this study are 11 samples. Raman spectra were recorded from five different areas (five

spots) for each sample.

4.3 Results and discussion

Figure 4-2 shows a typical Raman spectrum recorded at room temperature
(RT) for the GaAs;«Nx film with N content of xxgp = 0.041. Raman spectrum shows
the transverse optical (TO) and longitudinal (LO) phonon modes of GaAs, along with
a single N-related LVM. The GaAs-LO line width is narrow, indicating high crystal
quality. It is known that the Raman spectrum taken from the GaAs;.xNy layer shows
the GaN-like LO phonon mode, namely N-related LVM, at 471 cm™ [27-29].

A sequence of room temperature Raman-spectra taken from the GaAs;.xNy
films with N contents up to x = 0.051 is displayed in Fig. 4-3: The Raman intensity is
normalized with respect to the GaAs-LO Raman intensity (lcaas-Lo) for each sample
and the base lines are subtracted. In the N-incorporating films, a single N-related
LVM is observed at around 467 - 475 cm™. This mode has been attributed to the
vibration associated with isolated N atoms at arsenic site [29]. It was observed that the
normalized N-related LVM Raman intensity was enhanced with increasing N
concentration. As expected, the deterioration of the second order Raman features of

GaAs near 513 and 540 cm™ [4] due to the N incorporation were clearly observed as
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shown Fig. 4-3. A gradual blue shift of the Raman frequency of the N-related LVM
(wrvm) was also observed. In Fig. 4-4, the best fit yields I ym/(ILvmtlcaas-Lo) = (1.44 =
0.04) xxrp. And, the best fit of axym = (467.75 + 0.59) + (118.70 = 17.36) Xxrp IS
shown in Fig.4-5. It found that the @y exhibits linearly depend on xxrp, because of

the effects of alloying and strain [30].

* LO (GaAs) Ga'A‘Sl-xNx (XXRD = 0041)
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Fig. 4-2 Raman spectrum of GaAs;.xNy, for N concentration of xxgrp = 0.041, excited
with Ar" 514.5-nm laser line at room temperature in backscattering geometry on the

(001) growth surface of samples.
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Fig. 4-3 Raman spectra of GaAs;.xNy with different N concentrations of xxgrp = O,
0.0095, 0.019, 0.033 and 0.0510, excited with Ar" 514.5-nm laser line at room

temperature.
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Fig. 4-4 The relationship between the I .yw/(l.vmtlcaasLo) ratio and the N
concentration (xxrp) in the GaAs;«N alloy films. The data points are averaged data,
which were obtained from five spots on the sample. Error bars indicate the standard

deviation.

The full width at half maximum (FWHM) of N-related LVM as a function of xxrp are
presented in Fig. 4-6. It is seen that, the FWHM of N-related LVM increase with the
N concentration, due to the incorporation of N and strain[29].

It is known that the integrated intensity of GaAs-LO (lgaas-Lo) IN GaAS; Ny IS
proportional to the As concentration and that of N-related LVM (Iywm) is proportional
to the N concentration. Then Xgaman from the Raman scattering measurements can be

calculated as follows [4];

I LVM (4_1)

XRaman = fo |
“lgaas-Lo T 1Lvm
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where f represents the relative N-related LVM oscillator strength with respect to that
of the GaAs-LO phonon. The integrated Raman intensities of GaAs-LO and N-related
LVM obtain by subtracted the base lines and then fit the spectrum with Lorentzian
oscillator. Figure 4-7 shows the integrated Raman intensities of GaAs-LO and
N-related LVM of GaAs;«Nxwith xxgp = 0.041. From Eq. (1), we can said the data
points in Fig. 4-4 using f = 1 that assuming equal oscillator strengths for Ga-As and
Ga-N modes [4]. But the difference between Xgaman and Xxgp increases with the N
concentration indicates that oscillator strength for the Ga-N mode stronger than that of

the Ga-As mode.
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Fig. 4-5 The relationship of the Raman frequency of the N-related LVM (@.vym), and
the N concentration (xxrp) in the GaAs;.«Nx alloy films. The data points are averaged
data, which were obtained from five spots on the sample. Error bars indicate the

standard deviation.
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Fig. 4-6 The FWHM of N-related LM, as a function of xxgrp. The solid line gives the
best fit, FWHMym = (9.26 + 2.03) + (337.83+ 59.80)xxrp. The data points are
averaged data, which were obtained from five spots on the sample. Error bars indicate

the standard deviation.
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Fig. 4-7 The integrated intensities of (a) GaAs-LO and (b) N-related LVM of
GaAs;«Nx films with xxgrp = 0.041, analyzed using Lorenzian curve fitting after

base-line corrections.
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The average Xraman Calculated using the Eq. (4-1) as a function of Xxrp IS
displayed in Fig. 4-8. The data points were obtained using f = 1.4, giving the best fit
(Xraman = Xxrp) for the N contents up to xxgp = 0.055. The small error bars shown in
Fig. 4-8 indicate the high alloy uniformity of GaAs;«Nx layers used in this study.
Table 4-1 shows xxrp and Xgaman Calculated using f = 1 and 1.4 for each GaAs;«Nx

sample. It is seen that the Xraman USING T = 1.4 is approximately equal to Xxgrp.
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Fig. 4-8 The N concentrations, Xraman, Calculated using Eg. (1) as a function of the N
concentration determined by HRXRD measurement, xxrp. The solid line represents a
linear fit, Xraman = Xxrp. The data points are averaged data, which were obtained from

five spots on the sample. Error bars indicate the standard deviation.
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Samples XXRD AXxRrD XRaman
f=1 sd f=14 sd

MO-0072 0.0050 | 0.0003 | 0.0048 | 0.0009 | 0.0034 | 0.0006
MO-0053 0.0095 | 0.0003 | 0.0082 | 0.0040 | 0.0059 | 0.0029
MO-0073 0.0150 | 0.0005 | 0.0201 | 0.0065 | 0.0145 | 0.0047
MO-0054 0.0190 | 0.0007 | 0.0274 | 0.0028 | 0.0197 | 0.0021
MO-0055 0.0235 | 0.0009 | 0.0279 | 0.0057 | 0.0201 | 0.0042
MO-0056 0.0275 | 0.0009 | 0.0402 | 0.0104 | 0.0291 | 0.0076
MO-0080 0.0330 | 0.0005 | 0.0450 | 0.0091 | 0.0325 | 0.0067
MO-0076 0.0410 | 0.0012 | 0.0600 | 0.0113 | 0.0436 | 0.0083
MO-0075 0.0480 | 0.0009 | 0.0734 | 0.0094 | 0.0536 | 0.0070
MO-0074 0.0510 | 0.0012 | 0.0817 | 0.0126 | 0.0598 | 0.0095
MO-0104 0.0550 | 0.0012 | 0.0724 | 0.0180 | 0.0529 | 0.0135

Table 4-1 The N concentration determined by HRXRD, Xxxrp, and the

N

concentrations determined by Raman scattering, Xraman, Calculated using f =1 and 1.4

of the GaAs;xNyalloy layers.

The result from Seong et al.’s measurements is displayed in Fig. 4-9. They

have obtained the full circular data points using f = 1.3, giving the best linear fit for

Xxrp < 0.03. However, a deviation from a linear dependence is observed for xxgp >

0.03. Unlike Seong et al. [4], our result shows that Xraman IS linearly dependent on

Xxrp- A linear dependence of Raman intensity of the N-related LVM mode on the N

concentration provides a useful calibration method to determine the N concentration

in dilute GaAs; xNy layers.
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Fig. 4-9 The Xraman a@s a function of the xxgp, from Seong et al.’s experiment, where

triangles are for f =1.0 and full circles are for f =1.3. The solid line represents a linear

fit, Xgaman =1.145X 4z, —0.003, to the data with f =1.3 for xxrp<0.03 and the dashed

line is an empirical quadratic fit x = 122X 0 +1.51X o —0.005. Error bars

Raman

are approximately the same as the diameter of full circle.

4.4 Summary

MOVPE grown GaAs; xNy strained layers on GaAs (001) substrates has been
investigated by Raman scattering spectroscopy. It was found that, All the GaAs;.xNy
layers used in this study exhibit high alloy uniformity. The N concentration in the

GaAs;.xNy grown films determined by Raman spectroscopy technique, Xgraman, €Xhibits
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a linear dependence on the xxrp. The best fit using f = 1.4 yields Xgraman = Xxrp fOr XxrD
< 0.055. A linear dependence of Xraman ON Xxrp, Provides a useful calibration method
to determine the N concentration in dilute GaAs;.xNyx alloys by using Raman

spectroscopy technique.



CHAPTER YV

NITROGEN DEPENDENCE OF
BANDGAP ENERGY IN
GaAsN ALLOY

5.1 Introduction

It is well known that bandgap energy of GaAs;«Nx usually exhibit nonlinear

bowing, and the change in the bandgap energy can be expressed as
Eg,GaAsN =X Eg,GaN = (1_ X)' Eg,GaAs +b-x- (1_ X) (5'1)

where b is bowing parameter. The bowing parameter is large and strongly depends on
the N concentration with b = 26 eV for x < 0.01, b = 16 eV for x> 0.01 [31]. As
presented in this equation, the change in the N concentration (x) leads to the strongly
change in the bandgap energy of GaAs;«Ny (Eggcaasn). Hence, the analysis of the
bandgap energy of GaAs;xN is vital, both for the clarification of fundamental
controversy, and for the design of GaAs;«Nx based devices. In this chapter, the change
in bandgap energy of GaAs;xNx due to the incorporation of N into the lattice, was
investigated. The experimental techniques used in this study are Fourier transform
infrared (FTIR) spectroscopy and photoluminescence (PL).

FTIR spectroscopy is an analytical technique used to investigate the
transition energy as well as the bandgap energy of materials. The infrared absorption
bands identify specific molecular components and structures. Because the material
absorbs infrared energy at specific frequency, the bandgap energy of the material can
be determined by the spectral location of its infrared (IR) absorption.
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PL is a powerful technique which typically using for investigation of the
luminescence properties of materials. PL results on the GaAs;«Nx films are sensitive

tool for investigated the electronic states, impurity levels, and defects.

5.2 FTIR and PL Measurements

FTIR spectroscopy was done at The Gem and Jewelry Institute of Thailand,
Faculty of Science, Chulalongkorn University. FTIR spectra were recorded at room
temperature, and the spectral range was set at 0-14000 cm™. Photoluminescence were
performed at Prof. Dr. Kentaro Onabe Laboratory, Department of Advanced Materials
Science, The University of Tokyo. PL setup is shown in Fig. 5.1. The excitation
energy was provided by Ar* power laser 514.5 nm (2.41 eV). The luminescent light
from the sample is collected by the collecting lens then dispersed to the
monochromator for distinguishing photon energy before count by the detector. The
lock-in technology is applied to increase the signal-noise ratio. All PL spectra were
recorded at 8.5 K.

lock-in
amplifier
A =5145nm chopper
mirror
Ar* laser :l_l
focusing
lens
{\ Detector
V_ Monochromator
collecting
lens

Fig. 5-1 Photoluminescence instrument set up.
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5.3 Results and discussion

Figure 5-2 illustrates FTIR spectra of the GaAs;«Nx films with different N
concentrations. The bandgap energy of GaAs in wavenumber unit (11450 cm™) is
given in this figure as red arrow. It is seen that the absorption bands of GaAs;xNy
films have not changed with the N concentrations. All the GaAsi«Nx samples,
including GaAs sample absorb the same infrared energy. And, the absorption energy
is lower than the bandgap energy of GaAs. Because of FTIR measurements not
performed in vacuum, the absorption energy of air takes cover the absorption energy
of GaAs and GaAs;xNx. Thus, the results from FTIR spectroscopy can not be used to
study the effect of N incorporation on the bandgap of the GaAs;«Nx alloy films, due

to the limit of the instrument.

¥||
XXRD
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o | 0.019
O
A’ & 0.0095
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-1
Wavenumber (cm ™)

Fig. 5-2 The absorption bands of GaAs;.xNx films with different N concentrations
measured by Fourier transform infrared (FTIR) spectroscopy. The bangap energy of
GaAs in wavenumber unit (11450 cm™) is indicated.
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Photoluminescence (PL) is another technique which used to investigate the
bandgap of two set of the GaAs;xNyx samples. As-grown GaAs;«Nx samples are the
first set, and the second set is post growth thermal annealed GaAs;«Nx samples.
Figure 5-3 represents the low-temperature (8.5 K) PL spectra of both the as-grown
(blue spectra) and the post growth thermal annealed (red spectra) GaAs;.xNy samples.
Values of the N concentrations and PL peak energy of each sample are also indicated,
as shown in Fig. 5-3. The peak energy of PL spectra was varied from 1.39 to 0.97 eV
with increasing the N concentrations from x = 0.005 to 0.0528.

J_||||||||||||||||||||||||||'|i.|3éé\|/||||l
- XXRD 7
B 5 v 0.005 |
— —_ %10 0.0095 _—
:' B \j 0.015 7
St x20 ' .
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8 | x50 0.019
D I~ 1.11eV 7
s L 4
c B
. — 0.0235
- T x100 ]
i %150 0.0275 ]
L 1.02 eV i
- 0.99 eV —
- y 0.0489
;:__/\E?EV 0.0528
e S R Lo vt by by ol
0.8 1.0 1.2 1.4 1.6

Energy (eV)
Fig. 5-3 The low-temperature (8.5 K) PL spectra of the GaAs;.xNy alloy layers. The
blue spectra and red spectra represent the PL spectra recorded from as-grown and
annealed GaAs;.«Nx samples, respectively. The N concentration and PL peak energy
are also indicated.
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It is clearly observed that, the PL spectra have red shift when the N concentration is
increased. The large red shift in PL spectra indicates a large bowing parameter (b) due
to the N incorporation. These result similar to the result from other researches [11-13,
31]. The transition energy of GaAs;«Nx as a function of the N concentration
determined by Raman scattering (Xgaman) and the N concentration determined by high
resolution X-ray diffraction (xxrp) are shown in Fig. 5-4. As shown in this figure, it is
clearly seen that the transition energy rapidly decrease with increasing the N

concentration.

1.5 2 T 3 T v T 9 T T T
< 144 .. " Xro _
&’z ¢ Raman
§ 131 o = .
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w 1.2 = _
4
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o 1.1 me ]
_I ]
& 1.0- .,
0.9

0.00 001 002 003 004 005 0.06
X

Fig. 5-4 The transition energy of GaAs;xNy as a function of the N concentration
determined by Raman scattering (Xgaman) @and the N concentration determined by high
resolution X-ray diffraction (xxrp). The blue square and red circle represented Xxrp

and Xraman , respectively.
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Many research groups have used PL spectroscopy to study the bandgap
energy of the GaAsN alloy. But, the results of different research groups scatter
considerably, due to varying sample quality and inconsistencies in determining
composition and bandgap energy. Some research groups showed that the transition
energy is the bandgap energy [31-34], but the others presented the transition energy
come from the N localized state near the bandgap of GaAs;«Nx [35-43]. More
experiments are required to clarify this point.

1504 ©
1451 © O Salzman et al. (77K)
{ & O Wayeretal. (77K)
1.40 1 A Kondow et al. (77K)
/; 1359 o & Kondowet al. (RT)
] % ® Bietal (RT)
L igg ; & B This work _Peak Position (8.5K)
Q  4ev] n
S, 1.20- 4
> 1.154
o ‘ . ’
qc) 1.10—_ .
L] 1.05—_ : ° .
100'- ..
0.95—_
0.904

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
X

Fig. 5-5 The transition energy as a function of the N concentration, combined with the
bandgap energy as a function of the N concentration measured in various laboratories
[11].

Figure 5-5 shows the transition energy as a function of the N concentration,
combined with bandgap energy as a function of the N concentration measured in

various laboratories [11]. A large shrinkage of the bandgap energy for x < 0.015, and a
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less shrinkage for higher values of x can be observed in this figure. The transition
energy corresponding to the bandgap energy for the N concentration range of O -
0.015, and deviate from bandgap energy for greater values of the N concentrations.
This is consistent with the suggestion that the transition energy indicated the bandgap
energy for low N concentration. However, this conclusion has to be taken with
caution, because the transition energy deviated from bandgap energy for greater

values of the N concentrations.

5.4 Summary

The GaAsi«Ny layers (0 < xxgp < 0.055) have been investigated by Fourier
transform infrared (FTIR) and photoluminescence (PL) spectroscopy. The absorption
bands of GaAs;«Nx alloy films measured by FTIR have not changed with the N
concentrations. Thus, FTIR spectroscopy con not be used to study the effect of N
incorporation on the bandgap of GaAs; N films, due to the limit of the instrument. A
large red shift in low-temperature (8.5 K) photoluminescence spectra indicated a large
bowing parameter due to the incorporation of N into the lattice. In addition, the
transition energy observed by PL indicated the bandgap energy for a small amount of
N concentrations (x < 0.015). On the other hand, the transition energy was deviated

from the bandgap energy for the greater values of the N concentrations (x > 0.015).



CHAPTER VI

CONCLUSIONS

In this thesis, MOVPE grown GaAs;xNy (0 < xxrp < 0.055) strained alloy
layers on GaAs (001) substrates have been investigated. The goal of this thesis is to
describe the compositional and optical properties of the GaAs;.xNx thin films on GaAs,
emphasize on the effect of N incorporation. High resolution X-ray diffraction
(HRXRD), Raman scattering, Fourier transform infrared (FTIR), and
Photoluminescence (PL) spectroscopes on GaAs; xNy films are described.

The structural quality and the N concentrations of GaAs;xNy alloy films
have been investigated by HRXRD. It clearly observed that the GaAs;.«Ny alloy films
which higher N contents up to 0.055, are still coherently strained and good epitaxial
quality. The N concentrations in GaAs;xNx and the thickness of the GaAs;«Nx films
were determined by HRXRD measurement and simulation. The results from HRXRD
measurement show a good agreement with the results from the simulation. This
confirms that the N concentrations and the thickness of GaAs;.«Nx alloy layers
obtained by HRXRD measurement are accurately determined.

Then, the GaAsixNx layers have been studied by Raman scattering
spectroscopy. It was found that, GaAs; «Ny layers have high uniformity. And, in the N-
incorporating films, a single N-related local vibrational mode (LVM) is observed at
around. 467 - 475 cm™. The normalized N-related. LVM- Raman intensity is
proportional to the N concentration. The N concentration in the GaAs;«Nx grown
films determined by Raman spectroscopy technique (Xgaman), €Xhibits a linear
dependence on the N concentration determined by HRXRD (Xxrp). The best fit using f
= 1.4 yields Xraman = Xxrp fOr Xxrp < 0.055. A linear dependence of Xraman ON XxRrD,
provides a useful calibration method to determine the N concentration in dilute
GaAs;.xNy alloys by using Raman spectroscopy technique.

FTIR and PL spectroscopes are used to investigate the bandgap of the
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GaAsi1.xNy alloy. The absorption bands of GaAs;«Nx measured by FTIR have not
changed with the N concentrations. Thus, FTIR spectroscopy can not be used for
study the effect of N incorporation on the bandgap of GaAs;.«Nx films, due to the limit
of the instrument. A large red shift in low-temperature (8.5 K) PL spectra indicated a
large bowing parameter in the GaAs;«Nx alloy system due to the incorporation of N
into the lattice.

Based on our results, the GaAs;«Nx alloy shows unique electronic and
physical properties which are useful for technological applications in optoelectronic
devices. Hopefully, these results are useful for full understanding the compositional
and optical properties of the GaAs; Ny alloy, and may be extended to explain the
other I11-V nitride alloys. Further work, it is necessary to clarify the effect of N

incorporation on the physical parameters, especially bandgap energy.
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Abstract

GaAs;_ N, alloy films (0<x<0.055) grown on GaAs (00 1) substrates by metalorganic vapor phase epitaxy (MOVPE) using TBAs
and DMHy as As and N precursors, respectively, have been investigated by Raman spectroscopy. It was found that, with incorporating
N up to x = 0.055, a single N-related localized vibrational mode (LVM) is observed at around 468-475cm™~'. We have investigated the
N-related LVM Raman intensity (I ynm) and frequency (wpyam) as a function of N concentration. Both the I; vy and the wpyy were
found to rise for the GaAs;_,N, films with higher N incorporation. It is also evident that the N concentration in the GaAs;_ N, grown
films determined by Raman spectroscopy technique (Xraman) €xhibits a linear dependence on the N concentrations determined by the
high resolution X-ray diffraction (HRXRD) (xxrp). Our results demonstrate that the linear dependence of the Xgraman ON the Xxrp

provides a useful calibration method to determine the N concentration in dilute GaAs;_, N, films (xxrp <0.055).

© 2006 Elsevier B.V. All rights reserved.

PACS: 78.30.—j; 63.20.—e; 63.20.Pw; 81.15.Kk

Keywords: Al. Compositional analysis; Al. High-resolution X-ray diffraction; A3. MOVPE; B1l. GaAsN alloys; B1. III-V-nitrides; B2. Semiconducting

ternary compounds

1. Introduction

GaAs,_,N, and In,Ga,_,As,_,N, have attracted inter-
ests because of their unique- electronic and optical
characteristics. It is well known that the incorporation of
a small amount of N in GaAs;_ N, leads to a decrease of
the bandgap energy due to the large bandgap bowing, and
to an increase of the electron effective mass. These alloys
have been studied because of their potential applications in
long-wavelength optoelectronic devices [1,2] and high-
efficiency multijunction (MJ) solar cells [3]. A great deal
of work has been done on the epitaxial growth and
characterization of the III-V-N-type alloys in order to
control the bandgap and electrical properties by controlling
the alloy composition. While the bandgap and lattice
constants as a function of the alloy composition for

*Corresponding author. Tel.: +662218 5110; fax: +6622531150.
E-mail address: sakuntam.s@chula.ac.th (S. Sanorpim).

0022-0248/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jerysgro.2006.10.009

GaAs;_,N, have been studied [1-4], further work is
obviously necessary to investigate the micro-(nano-)
structural and optical properties of GaAs;_ N, as a
function .of N. concentration and determine the alloying
effect of GaN on GaAs.

Raman spectroscopy is a powerful technique to obtain
information on crystal structure through measuring the
vibrations of 'the crystal lattice. Raman spectra provide a
sensitive tool for studying the impurity incorporation in
such structure and the structural defects [5]. It is known
that N-related local vibrational mode (LVM) absorption is
directly proportional to the N concentration in
GaAs;_,N,. Seong et al. compared the N concentrations
in GaAs;_,N, determined by Raman spectroscopy techni-
que (XRraman) With those determined by X-ray diffraction
(XRD) (xxrp) [4]. They demonstrated that Xgraman €xhibits
a linear dependence on xxrp for xxrp<0.03 and some
deviation from the linear dependence for xyrp>0.03.
In this paper, we first review the results of Raman
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spectroscopic studies on the local bonding of N in
GaAs;_,N, with N concentrations up to xxrp = 0.055.
Second, we describe the N concentration dependence of the
LVM in GaAs;_ N, films.

2. Experiments
2.1. Procedure

GaAs;_ N, films were grown by low-pressure (60 Torr)
MOVPE using trimethylgallium (TMG), dimethylhydra-
zine (DMHy) and tertiarybutylarsine (TBAs) as the source
materials of Ga, N and As, respectively. Ultra-high purity
H, was used as a carrier gas at flow rate of 1.5 slm. All
GaAsN films were nominally un-doped and grown on
semi-insulating (SI) GaAs (00 1) substrates at temperature
ranging from 475 to 600°C. An un-doped GaAs buffer
layer of ~300 nm was first grown at 650 °C. The substrate
temperature was then reduced to 450-600°C for the
growth of GaAsN layer (200-300nm). The [TBAs]/
[TMGa] ratio was optimized to be 15. The flow rates of
TMG and TBAs were fixed at 8.64 and 129.70 pmol/min,
respectively. The flow rate of DMHy was varied in the
range of 0—7000 umol/min. N content in the GaAsN films
was determined from a symmetrical (004) and an
asymmetrical (115) high-resolution X-ray diffraction
(HRXRD), assuming a linear dependence of lattice con-
stant on the nitrogen concentration [6].

Micro-Raman scattering measurements were performed
at room temperature (RT) using 514.5-nm-line Ar " laser
as an excitation light source in backscattering geometry.
The excitation laser beam was focused by a microscope lens
system yielding a spot size ~2—4 um in diameter.

3. Results and discussion

All GaAs;_,N, films (0<xxrp<0.055) in this study
were examined by HRXRD in order to determine the N
concentration and verify the structural quality. Fig. la
shows a symmetric (004) HRXRD scans from a set of the
GaAs;_ N, films with different N contents. As shown in
the figure, compared with GaAs, the peak shift to the
higher diffraction angles. was. .clearly -observed. with
increasing N concentration, indicating the decrease of a
lattice constant (a,) normal to the (001) surface with the
N incorporation. The narrow diffraction peaks and the
clear Pendellésung fringes indicate that GaAsN films with
high crystal quality were coherently grown on the GaAs
substrate. An example of the reciprocal lattice mapping of
an asymmetrical (1 1 5) reflection is shown in Fig. 1b for the
GaAs;_ N, film with N content of xxgrp = 0.051. This
confirms that such high N-containing GaAsN layer is
coherently strained and is of good epitaxial quality. These
results are the evidence of high crystal quality films with
higher N contents up to ~5%, obtained by the enhanced
incorporation of N at lower growth temperatures
(~500°C) in spite of a large miscibility gap [7].

GaAsN (004)
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Fig. 1. (a) High-resolution (0 04) X-ray diffraction profiles of GaAs;_, N,
layers grown on the GaAs (00 1) substrates. Reciprocal lattice maps of the
(115) reflection of the GaAs;_, N, film with xxgrp = 0.0051 is shown in
(b) as an example.

Fig. 2 shows typical Raman spectra recorded at room
temperature (RT) for the GaAs;_ N, film with N content
of xxrp = 0.041. Raman spectrum shows the transverse
optical (TO) and longitudinal (LO) phonon modes of
GaAs, along with a single N-related LVM. It is known that
the Raman spectra taken from the GaAsN layer shows the
GaN-like LO phonon mode, namely N-related LVM, at
470 cm ™" [8-10].

A sequence of room temperature Raman spectra taken
from the GaAs;_,N, films with N contents up to
xxrp = 0.051 is displayed in Fig. 3. The Raman intensity
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Fig. 2. Raman spectra of GaAs|_,N,, for N content of xyxrp = 0.041,
excited with Ar* 514.5nm laser line at room temperature.
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Fig. 3. Raman spectra of GaAs;_,N,, for N concentrations of xxgp = 0,
0.0095, 0.019, 0.033 and 0.051, excited with Ar* 514.5nm laser line at
room temperature.

is normalized with respect to the GaAs-LO Raman
intensity (Igaas.Lo) for each sample and the base lines are
subtracted. In the N-incorporating films, a single N-related
LVM is observed at around 467-475cm™". This mode has
been attributed to the vibration associated with isolated N
atoms each bonding to the four Ga neighbors [10]. It was
observed that the normalized N-related LVM Raman
intensity (/Lvm) Was enhanced with increasing N concen-
tration. As an expectation, the deterioration of the second-
order Raman features of GaAs near 513 and 540cm™' [4]
were clearly observed, shown in Fig. 3, due to the N
incorporation. A gradual blue shift of the Raman fre-
quency of the N-related LVM (w;.vym) Was also observed.
In Fig. 4, the best fit yields I1 vm/(ILvm + IGaas-Lo) = 1.43
XXRD and OpLyMm = 467.75+118.70 XXRD-

It is known that the integrated intensity of GaAs-LO
(IGaas.1.0) In GaAs;_ N, is proportional to As concentra-
tion and that of N-related LVM (I ynm) is proportional to
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Fig. 4. The relationship of the I; vm/ (ILvm t IGaas.Lo) ratio, the Raman

frequency of the N-related LVM (wyynm), and the N concentration (Xxrp)
in the GaAs;_,N, films.
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Fig. 5. The N concentrations, Xraman, calculated using Eq. (1) as a
function of N concentration determined by HRXRD measurement, xxgp-
The solid line represents a linear fit, Xraman = 1.046 XxrD-

N concentration. Then Xguma, from the Raman measure-
ment can be calculated as follows [4]:

XRaman = Trvm 5 (1)
fGaas1o + TLvm

where f represents the relative N-related LVM oscillator
strength with respect to that of the GaAs-LO phonon. The
Xraman Ccalculated using the above equation as a function of
xxrp is displayed in Fig. 5. The data points were obtained
using f'= 1.4, giving the best fit (xraman = 1.046 xxrp) for
the N contents up to xxgrp = 0.055. Unlike Seong et al. [4],
our result shows that xgaman 18 linearly dependent on xxrp.
A linear dependence of Raman intensity of the N-related
LVM mode on the N concentration provides a useful
calibration method to determine the N concentration in
dilute GaAs;_,N, layers.

4. Conclusions

Correlation between Raman intensity of the N-related
LVM and N content in the MOVPE grown GaAs;_, N,
strained layers on GaAs (001) substrates were investi-
gated. HRXRD results demonstrated that high crystal

quality GaAs;_,N, films with N contents up to xxrp =
0.055 were successfully grown. The N concentration in the
GaAs;_,N, grown films determined by Raman spectro-
scopy technique, Xraman, €Xhibits a linear dependence on
the xxrp. The best fit using /= 1.4 yields Xgraman = 1.046
xxrp for xxrp <0.055. A linear dependence of Xgraman ON
xXxrp, provides a useful calibration method to determine
the N concentration in dilute GaAs;_,N, alloys by using
Raman spectroscopy technique.
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