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In this thesis, struetural and optical properties of the lattice-maiched
In,Ga,..P1,N,/GaP single quantum wells (SQWs) grown on GaP (001) substrates by
metalorganic vapor phase epitaxy (MOVPE) have been investigated. The effects of
both well-width and compesitional variations are established. The results from high-
resolution X-ray diffraction (HRXRD) measurements indicate that the lattice-matched
In,Ga,.P,N,/GaP SQWs were realized with exeellent crystal quality and fairly flat
interfaces. Photoluminescence (PL} spectra show the visible light emission (yellow-
red emission) from the SQWSs. With decreasing well-width, the PL peak position and
the absorption edge of PLE specira exhibit the blue-shift in energy. This result
confirms the quantum confinement effect by the well. On the other hand, with
increasing In and N coneentrations, the PL peak position and the absorption edge of
PLE spectra exhibit the red-shift to lower energy, indicating the lowering of the
InGaPN conduction band edge. The conduction band offset (AE.) of the
InGaAPN/GaP quantum structure is estimated to be about 270 - 490.meV, which
depends on the In and N concentrations in the well. However, the value of conduction
band offset is limited by the large number of non-radiative defects caused in the high
In and N incorporating samples.

_ : Mg [ ¥
Department.......Physics........ Student’s signature.......... e
Field of study....Physics........ Advisor's signaluré.:._-__‘.‘.{/f’éi‘:ﬂ{': f-,.-)u_.ﬁ"\,
Academic year....2000.......... Co-advisor's signature............ )

ek



Vi

Acknowledgements

I would like to sincerely express my gratitude to my advisor, Assistant
Professor Dr. Sukkaneste Tungasmita and Dr. Sakuntam Sanorpim for their valuable
suggestion and encouragement. They gave me good experiences, such as working
with good guidance, participating in an international conference in Japan, and English
writing (journal and thesis).

I am deeply indebted to Associate Professor Dr. Wichit Sritrakool, Assistant
Professor Dr. Rattachat Mongkolnavin and Dr. Burin Asavapibhop for taking time
from their busy schedules to be on my thesis committee. Their comments on this
thesis are also grateful appreciated. | wish to thank Professor Per Olof Holtz,
Department of Physics and Measurement Technology, Linkdping University, Sweden
for a short course on low-dimension structures and his fruitful discussion.

I would like to thank the Semiconductor Physics Research Laboratory (SPRL)
for the facilities, such as computers and the convenient office.

I would like to acknowledge the financial supports from Graduate Schools of
Chulalongkorn University for paying fund for this thesis. I would like to acknowledge
Department of Physics, Faculty of Science, Chulalongkorn University for providing
teaching assistant scholarship. In particular, I wish to thank the conference committee
of The 13" International Conference on Metal Organic Vapor Phase Epitaxy
(ICMOVPE-13) for the financial support for the presentation in Japan.

I would like to acknowledge Dr. Nobuhiro Nakadan and Dr. Tokuharu Kimura
for growing the great single quantum. well samples to analyze. In particular, I am
grateful to Dr. FumihiroNakajima and Dr. Ryuji Katayama for their valuable
discussion. -Special thank goes to Professor Dr. Kentaro Onabe, Department of
Advanced Materials Science, Graduate Schools of Frontier Sciences, The University
of Tokyo, Japan for providing the excellent samples, correcting my manuscripts and
supporting some finance for the conference in Japan.

I would like to thank my friends and seniors in this Department of Physics for
useful discussion and joyful moment.

Last but not least, | would like to pay my heartfelt thanks to my family for
love, understanding, and supports.



CONTENTS

N o151 1 - Uod A (1 = V) iv
ADSTract (ENQHISN) .. e e e v
ACKNOWIEAGEMENTS. .. .. et ettt e s e et e e e et et e e e e e aeeas Vi
(00] 0] (=] 0| 70— R S TR vii
LISt Of TabIES. .. .. i i et X

I TS 0 1o U ] T PP (|

Chapter
[ 10§ (oo [0 1) £ o) o F T 1
1.1 OVOIVIBWS ..o ot e e et e e e e e e e e e e 1

1.2  Objectives and organization of the thesis.....................................6

I Quantum well structure and characterization .................coovevviieenvennennns 8
2.1 Basic physics of quantum well Structures..............ooovviiiiiienevinenen. 8

2.1.1  INrOCUCTION. .. ..ttt it e et e e et e e e e 8
2.1.2  Finite-depth square quantum wells......c.......................e 10

2.1.3 -Advantages of the lattice-matched quantum wells............... 13

2.2 Characterization methods. ............ooiiie i e 15

2.2.1 High-resolution X-ray diffraction ...............cc.cocoiiennn, 15

2.2.2  PhotolUMINESCENCE. ... .cuii ittt e e 17

2.2.3 Temperature dependent photoluminescence..................... 18

2.2.4  Photoluminescence-eXcitation...........ooveeeioieie i, 18



viii

11 Effects of well-width variation.............ccccoooe i 21
3.1 SampPle deSCrIPLION. .. ...t e e e 21

3.2 Structural INVeStIgatioN..........ovuieiiiie i e e 22

3.2.1 HRXRD and simulation results..............ccoocii i, 22

3.2.2  Surface images from the optical microscopy...........c......... 24

3.3 Optical INVESIGAtION. .. ... ciiee i e e e 27

3.3.1 Low-temperature photoluminescence...........cooevvvvvennnnn 27

3.3.2  Photoluminescence-excitation..............ccoeveieiiiennevnninnes 33

3.4  Temperature dependent PL.........coiiiin i 35

3.5 SUMMANY . e e 39

IV Effects of compositional variation..............cc.veviiiiiiiiiiii e e, 40
4.1 Sample desCription .. .. ouuiuuiii e it i e e e e 40

4.2 Structural investigation..........coooviiie el 4D

4.3 Optical iNVeStigation.........ciiiiiie e e e e e 44
4.3.1 Bandgap energy of In,Ga;..PiyNyalloys....................e... 44
4.3.2 Photoluminescence of InGaPN/GaP SQWSs...................... 49

4.3.3 Photoluminescence-excitation of INnGaPN/GaP SQWs..........49
O YU [0 11T 1Y e e T e PP 52
V  Finite-depth square potential well calculation.................cccc.oo . 52

5.1 = Comparison between absorption edge and finite-depth square

WEll CalCUIALION. .. .o e e e e e e e 53
5.2 Effect of lattice-fluctuation............ccovveiii e BT

5.3 SUMMANY ... et e e e e e e e e 58

AV B o] o [o] [ 15710 ] ¢ T 60



RO ENCES. .. oo e e e e e e

Appendices

Appendix A Contributions from this thesis to the field ........................ooe
Appendix B International scientific paper...............coociiiiiiiiin i,
Appendix C International proceeding .........ccovviiiiiiiiiiiiii e e e

AVZ1 - T . A 4 LY S

.63

68

............ 70

.75

.81



11

5.1

6.1

List of Tables

Physical properties of binary compounds which are components
OF INGAPN @llOY ... e e

The electron effective mass of I11-V binary compounds and

1N0.050G80.950P0. 975N 0,025+ + + v+« et veie e et et e e e 55

The transition energies obtained from InyGa;xP1yN,/GaP SQWSs
as well as the bulk films, and the light spectrum in the yellow

to red emission region 1S also SNOWN...........c.cov vt it 62



11

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.1

3.2

3.3

3.4

List of Figures

The relationship between the bandgap energies and the lattice constants of

HH1-V COMPOUNGS. ..o e et e e e e e e e e e e e e e e 2
(a) Single quantum well structure (SQW). (b) Electronic structure of SQW....9

Types of energy band lineups: (a) straddled or Type-I lineup. (b) staggered
OF TYPE-T1 HINBUP . s e e e e e e e e e 10

The finite-depth square potential well......... ..., 11

Staircase density of states for a 2D quantum well. The dashed line is the
3Dcase....... 480 B e R R 13

The wave functions of electron and hole in SQW for both of unstrained

AN SIrAINE CASES . .. . oottt e e e e e e e e e e 14

X-ray scattering geometry. d: d-spacing of atomic plane, 6: Bragg angle......15

Schematic drawing of the HRXRD Setup.......cooiiiit e, 16
Schematic drawing of photoluminescence Setup.:.........c.vvvevvevievneennnnnn. 18
Schematic drawing of photoluminescence-excitation setup..................... 19

Schematic illustration of the InGaPN/GaP SQW and InGaPN bulk layer......22

HRXRD patterns of InGaPN/GaP SQWs with the growth time of
INGaPN layerwere different..........cooeo i e e 23

HRXRD patterns of InGaPN/GaP SQWs with different well-widths
(Lz=1.6 - 6.4 nm) and the Simulations...............cccceviie i ii i 25

Surface images from the optical microscopy:, (a) InGaPN/GaP SQW with

Lz =1.6 nm, (b) InGaPN/GaP SQW with Lz = 2.4 nm, (c) InGaPN/GaP

SQW with Lz = 3.2 nm, (d) InGaPN/GaP SQW Lz = 6.4 nm,

(e) GaP substrate, (f) GaPN/GaP bulk layer from Ref. [18]...................... 26



3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

Xii

Low-temperature (10 K) PL spectra for InGaPN/GaP SQW:s

(x =0.050, y = 0.025) with different well-widths Ly = 1.6 — 6.4 nm as well
as the bulk layer. The arrows indicate the extra peak that appears at the
higher energy. The light spectrum above the figure shows the emission

region of the SAMPIES........cooi i 28

Schematic drawing of lattice fluctuation or well-width fluctuation
IN the INGaPN/GaP SQWV ... . i it it et et e e e eae e aenaas 29

10 K PL spectrum of the |no‘o5oGao,95opo,g75No,025/GaP lattice matched
SQW with well-width of 1.6 nm. The dotted line is the numerical
derivative of the PL data (solid line). The energies (A, B and C)

denoted DY AITOWS. .. cu.ce i it e e e e e e e e e e 30

(@) 10 K PL spectra for InGaPN/GaP bulk layer (x = 0.050, y = 0.025),

as well as the fitting (b) 10 K PL spectra for InGaPN/GaP SQW:s

(x =0.050, y =0.025) with well-widths Lz = 1.6 nm, as well as

the Fitting ... .. coo o i e e a3l

(left) the perturbation of the band edge by the inhomogeneous

impurities. (right) The formation of tails of states, the dashed

lines show the distribution of states in the unperturbed case.

N(E) is the density OF State..........ooviiiieie e e e 32

Dependence of the peak position and the well width for the
InGaPN/GaP SQWs (x = 0.050, y = 0.025) with various well-widths..........32

10 K PLE spectra for InGaPN/GaP SQWs (x = 0.050, y = 0.025) with
different well-widths (Lz = 1.6 — 6.4 nm) as-well as the bulk layer.
The arrows indicate the absorption edge and the dotted lines indicate

the features that no well-width variation............covveee i 34

Temperature dependent PL of Ing.050Gag.950P0.975No.025/GaP SQW
WIth Lz = 2.4 MM . e e e e e e e i e 36

Integrated PL intensity of the SQWs plotted as a function of the
temperature, together with that of the bulk layer for the comparison.

The activation energy of SQWs and the bulk film are also depicted............38



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

5.1

5.2

Xiii

Schematic illustration of the InGaPN/GaP SQW and InGaPN bulk

HRXRD patterns of InGaPN/GaP SQWs grown using different

INANA N FIOW TS, . .. oo e e e e e e e, 42

HRXRD patterns of InGaPN/GaP SQWs with different In and N

concentrations and SIMUIALIONS. .. ... oe et e e 43

10 K PLE spectra for InGaPN/GaP bulk layer on GaP with different

In and N concentrations. The arrows indicate the absorption edge............. 45

10 K PL spectra for InGaPN/GaP bulk layer on GaP with different
INand N CONCENTIAIIONS. . ... ...t iinee et et e et e e eeeaeeee e e e e e aeeanes 47

Schematic drawing of the approximated conduction band offsets (AE.) of
InGaPN/GaP SQWs with different In and N concentrations. The

Eq1, Eg2 and Egz are the bandgap energies of the InGaPN bulk layers

with the compositions of (x = 0.050, y = 0.025), (x = 0.080, y = 0.048)

and (x = 0.135,y = 0.071), respectively..........couveiee i, 48

Schematic drawing for the formation of the conduction band edge of
GaPN allOY ... creie e e e e e e e e e e 48

10 K PL spectra for InGaPN/GaP SQWs of well-width 2.4 nm with

different In and N concentrations. The dashed lines indicate the A-line

and NN line. The light spectrum above the figure shows the emission
region-of samples. 50

10 K PLE spectra for InGaPN/GaP SQWs with fixed well-width
of 2.4 nm and-with different In and N concentrations. The arrows

indicate the absOrption €dge..........vviviiii i e, 51

Calculated natural valence band alignment of 111-V semiconductor

(070] 31 001 310 S J 54

Schematic drawing for the calculation of the optical transition
ST 1=] (o) 56



5.3

5.4

Xiv

The energy positions of the main PL peaks and the PLE absorption

edges as a function of well-widths together with the calculated

transition energies. The error bars in the case of PLE absorption edges

come from the procedure of determination of the absorption edges.

The error bars in the case of PL peak positions come from the resolution

OF PL MEASUIEIMENT. .. .\ttt et et e e e e e e e e e e e e e e e e, 57

PL spectrum of N0 050Ga0 950P0.975N0.025 /GaP SQW with well-width
of 1.6 nm together with the value of difference in energies of the

Splitting SUD-Peaks. .. ... .. .ot e ae .. D8



CHAPTER |
INTRODUCTION

In this first chapter, the literatures and properties of InGaPN are presented.

The objectives and organization of the thesis are also described.

1.1 Overviews

Dilute nitride semiconductors have attracted intense interest during the recent
decade, especially, GaAsN and GaPN alloys. The incorporation of small amount of
nitrogen can lead to novel physical properties of these alloys. This results in
drastically reduction of the bandgap energy. Figure 1.1 shows the bandgap energy as a
function of lattice constant for the ternary and quaternary I11-VV compounds. Notice
that, the incorporation of 1% of N into GaAs can cause the bandgap energy to reduce
from 1.42 to 1.25 eV at room temperature [1], although the bandgap energy of GaN is
much larger (3.299 eV). This is an advantage for the bandgap engineering which done
by controlling the amount of nitrogen in the 111-V based materials. Moreover, this
bandgap reduction, which is due to the incorporation of nitrogen, comes from
lowering. of the conduction band edge [2]. These lead to a large conduction band
offset which is beneficial for heterostructures. Recently, the variety of materials in
this group, such as GaAsN [3], InGaAsN [4] and GaPN [5], have been grown and
investigated. The GaPN was discovered in the late 1960s [6], and later leads to the
fabrication of light emitting diodes (LEDs) [7, 8]. For GaAsN and InGaAsN, they
have received a great deal of the attention because their bandgap bowing makes
possible 1.3 and 1.55 um Bragg reflectors (as shown in Fig. 1.1) which can be applied

in many devices, such as optical fiber.
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Figure 1.1: The relationship between the bandgap energies and the lattice

constants of I11-V compounds [9].

Nowadays, InyGaixP1.yNy (or InGaPN for short), which is a novel material in
this group, have attracted intense interest for optoelectronic devices operating at the
visible wavelength regions (yellow to red region). As the major material, GaP, the
InGaPN has a zinc-blende structure. This alloy material becomes much interesting
because it could have a large impact in materials science and device applications.
Since it is a guaternary-alloy, so-its lattice constant can be-tuned by adjusting the
compositions (x, y) of the material. An'indium-(In) atom has atomic size larger than
that of gallium (Ga), phosphorus (P) and nitrogen (N), so.adding In results in an
increase of the lattice constant of the alloy. On the other hand, a nitrogen atom has the
atomic size smaller than others, so adding N results in a decrease of the lattice
constant. This can make the lattice-matching with many commercial substrates such
as GaP, InP and GaAs. The lattice-matching condition between InGaPN and GaP can

be determined using an interpolation method, as follows

0.947y

= , Xy <1 | 1.1
0.418+0.059y y (1)




where x and y are the concentrations of In and N, respectively. The lattice-matching
condition between the film and substrate prevents the epitaxial layers from a misfit
dislocation, which degrades the quality of the grown layers. The physical properties of
the InGaPN alloy can be estimated by the properties of the related binary compounds,
as shown in Table 1.1. For the bandgap engineering, by adjusting the compositions of
InGaPN, its bandgap energy also can be tuned. The bandgap energy of InGaPN is in
the range between the bandgap energy of InP (1.4236 eV) and that of GaN (3.299 eV).
This is of interest for a variety of high-brightness light-emitting and laser applications
such as automotive lighting, optical media reader/writer, billboard, media display
panel and traffic light etc.

The InGaPN alloy can be invented for optoelectronic devices, like the GaPN
and GaPAsN based devices. In the late 1960s, Thomas and Hopfield discovered the N
isoelectronic trap in GaP:N for low N concentration (~ 10*® cm™) [6], which led this
structure to fabrication of high-efficient green light emitting diodes (LED’s) [7, 8].
This phenomenon is caused by the producing of localized N-related trap states in the
bandgap which lower than the indirect bandgap energy level of GaP [6], as shown in
Fig. 1.2. The A-line (or N state in Fig. 1.2) is due to an exciton bound to an isolated N
atom. It is known that the exciton is a one type of carriers in semiconductors. Because

the free hole and the free electron are opposite charges, so there is the coulomb

l’h}fslca_l J e . Electron
- m propertie: attnfe constant | Bandgap encrgy S i s
o ™ (A)ART) (e, (0K) (m,)
GaP 5.4505 2035% 0.13
InP 5.8697 1.4236 0.0795
GaN 4.50 3.299 0.15
InN 4,98 1.94 0.12

*mdirect bandgap

Table 1.1: Physical properties of binary compounds [10] which are components of
InGaPN alloy.
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Ec) and free exciton level (labeled by Ex) [11]. A-line (or N) state [12] is also
denoted by an arrow.

attraction. Hence, the electron orbits around the hole as a hydrogen-like atom and
exhibits as the neutral carrier. In addition, the deeper series of NN lines are bound
states of the exciton to two nitrogen atoms at various interatomic spacing. Figure 1.3
depicts the NN, NNz and NNs. As a result, the carriers are attracted by these strong
localized states and then recombination. These make the GaPN material to be the
quasi-direct semiconductor with lowering the optical transitions. The same effect is
also expected for the InGaPN material.

InGaPN/GaP lattice-matched single quantum wells (SQWSs) was first purposed
by Onabe et al [13]. They have demonstrated that the InGaPN alloy can be
lattice-matched to GaP substrate with a narrower bandgap than GaP. This material
also exhibit the large reduction of the bandgap energy which caused by lowing of the
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conduction band edge. As a result, these introduce the InGaPN/GaP structure as an
alternative heterostructure with a large barrier height for an electron confinement in
the InGaPN/GaP quantum structures, and exhibit higher characteristic temperature for
laser application. Also, the InGaPN/GaP strained quantum well by molecular beam
epitaxy (MBE) is reported by Odnoblyudov and Tu [14]. From above promising
advantages, InGaPN/GaP will allow brighter and cheaper LED chips.

1.2 Objectives and Organization of the Thesis

The objectives of the thesis is to investigate structural and optical properties of
lattice-matched InGaPN/GaP single quantum wells (SQWs) grown by metalorganic
vapor phase epitaxy (MOVPE). Effects of well-width and composition on both the

structural and optical properties of the lattice-matched SQWs are discussed.
The thesis is organized as follows:

In Chapter 1, as described above, the literature and physical properties of
I11-V-Nitrides are reviewed. Especially, InGaPN alloy, InGaPN/GaP heterostructure
and their applications are focused.

In Chapter 1, the basic knowledge which related to the single quantum well
(SQW) structures are introduced. The superior properties of quantum well structures
(2-dimentional system) over the bulk film (3-dimentional system) are described. Then,

characterization methods are briefly described.

In Chapter. I1l, the InGaPN/GaP. SQWSs with. different. well-widths were
investigated. Structural quality, well-thickness and alloy compositions, which were
analyzed by high resolution X-ray diffraction (HRXRD) and the dynamical theory
simulation software, are described. Effects of the well-width variation on optical
properties of the SQWSs, which were characterized by photoluminescence (PL) and

photoluminescence-excitation (PLE), are discussed.



In Chapter 1V, effects of the compositional variation on both structural and
optical properties of the SQWSs, which were investigated by HRXRD, PL and PLE,

are discussed in details.

In Chapter V, the valence and conduction band offsets of the InGaPN/GaP
heterostructures were examined. The comparison results between the transition energy,
which was obtained from the PL peak positions and PLE absorption edge, and that

from the finite square well method, are mainly focused.

Finally, the conclusions of the thesis are given in Chapter VI.



CHAPTER II

QUANTUM WELL STRUCTURE
AND CHARACTERIZATION

In this chapter, the physics of quantum well structure and characterization
methods are briefed. For the physical characteristics of quantum well structure, the
calculation of a finite-depth square quantum well and the advantages of
heterostructure are demonstrated. Moreover, several characterization methods for the

quantum well structure are introduced.

2.1 Basic Physics of Quantum Well Structures

2.1.1 Introduction

In a ‘semiconductor “quantum well ‘(QW) structure  (often abbreviated as
heterostructure), two different semiconductors with different bandgap energies are
brought into physically contact. In practice, a very thin semiconductor A is epitaxially
grown on top of a'semiconductor B and then the semiconductor B is repeatedly grown
over the thin semiconductor A again, as shown in Fig. 2.1 (a). The semiconductor A is
called “well layer” which usually not thicker than 10 nm and semiconductor B is
called “barrier”. Typically, the bandgap energy of the well layer is smaller than that of
the barrier. This structure generates the potential well which can confine the carriers.
The energy of the carriers will be quantized. The difference of the conduction band

edge between the well layer and the barrier is called “conduction band offset, AE.”
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Figure 2.1: (a) Single quantum well structure (SQW). (b) Electronic structure of
SQW.

and that of the valence band edge is called “valence band offset, AE,”, see Fig 2.1 (b).
For the dilute nitride semiconductors, it is known that adding small amount of N
decreases the bandgap, which mainly affects the conduction band (CB) states. This
led the heterostructure to a large AE. and only a small valence-band offsets (AE,). For
example, the effect of ~1% of N on the valence band of GaAs is negligible [2]. So, the
valence band offset which is depicted in the Fig. 2.1 (b) is estimated to be very small
comparing to the conduction band offset.

However, the heterostructures can be classified according to the alignment of
the band of the two semiconductors. Two different alignments of the conduction and
valence bands and of the forbidden gap are shown in Fig. 2.2. In Fig. 2.2 (a), this
shows the most common alignment which will be referred to as the “straddled
alignment” or “Type-1"" alignment. This type of the alignment shows the valence band

edge of the well layer is higher than that of the barrier. Another type is shown as
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Figure 2.2: Types of energy band lineups: (a) straddled or Type-1 lineup.
(b) staggered or Type-II lineup.

Fig. 2.2 (b) which called “staggered alignment” or “Type-1I” alignment. In the
contrast, Type-11 alignment shows the valence band edge of the well layer is lower
than that of the barrier. In the case of Type-I alignment, the carriers will recombine
down to the quantum level in the well region. But, for Type-Il, they are instead
recombining to the valence band of the barrier. The recombination efficiency in this
case is lower than that of the Type-I because it is the indirect transition. So, the
applications for light emitting and laser diodes prefer the Type-I alignment due to its

higher recombination efficiency.

2.1.2 Finite-Depth Square Quantum Wells

Consider an electron .in the conduction band of the quantum well of width L
and the finite well height of Vo, as in Fig. 2.3. This finite well height is equal to the

conduction band offset between the well layer and the barrier. The electron effective

mass in the well and the barrier are'm,, and m, , respectively (in the case of two

barriers are the same materials). The potential energy profile in z direction is given as
seen in Fig. 2.3. On the other hand, the potential energy along the x-y plane is
constant. Therefore, the Schrodinger’s equation can be separated in the x, y, and z
directions. The wave function of electron must satisfy the Schrodinger’s equation. In

the well region, the Schrddinger’s equation for the z direction can be written as:
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where m;, , ¢, (2), and E are the electron effective mass, the wave function of electron

in the well region along the z direction and the energy of electron for the z direction,

respectively. Hence, the wave function of electron inside the well in the z direction is:

o, (z) = Acos(k,z) + Bsin(k,z) (2.2)

2m E

2
where k= o2

The Schrodinger’s equation in the barrier region is:

(— Z?nb* %JFVOJ%(Z) =Ep,(2) (2.3)

where m, and ¢y, (2) are the electron effective mass and the wave function of electron

in the barrier along the z direction, respectively. So, the wave functions of electron in

the barrier are:
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¢y (z) = Cexp(-k,2) , z 2% ; (2.4)
§0b (Z) = Dexp(kzz) 1 Z S - ’ (25)

2m, (V, — E
where k; :—mb(;_l/g ).

The boundary conditions are:

+ L) _ -s L
1) Py —E = @y —E (26)
A 9p,()) _ 1 09,2
2) mp faz . m o oz, 2.7)
2 "2
The symmetric solution (B = 0) can be calculated from the equation:
tan(kl£) = m“jk—z (2.8)
2 m, k,
For asymmetric solution (A = 0):
tan(k1 L} == m'jj = (2.9)
2 m, Kk,

Notice that the.-number of energy states lying within the well decreases as L becomes
smaller. For L'< 30 A only one energy state exist which is the ground state. In order to

obtain the ground state solution, the symmetric solution is selected. Eqg. (2.8) can be

written as:
* _y2
tan(x) = |MeVe=X (2.10)
b X
* 2
where x = kb and & = MZVO
2 2h
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Eq. (2.10) can be solved numerically or graphically for the value of x and then the

lowest quantized state can be obtained.
2.1.3 Advantages of the Lattice-matched Quantum Wells

There are several advantages for the fabrication of the quantum well structures.
First, the density of states property for the quantum well is superior over that
of the bulk. The density of states for a parabolic two-dimensional system is given by

%

m
Pip == (2.11)

where m* is the electron effective mass. This density of states is constant for all
energies above the energy threshold. Because the quantum well has the subband more
than one, it yields a staircase density of states profile, as shown in Fig. 2.4 for a
square quantum well. For the comparison, the density of states for the bulk layer is

also shown in the dashed line which follows:
11
(2m*)2E?

b (2.12)

P (E) =

From the comparison, it is seen that the absorption edge for the case of quantum well
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= -
z N\
i -
P - 3m*/ 7772
2 o
4

A ) 2m*/ 777

K m*/ 772

I \A| A4 |
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Energy

Figure 2.4: Staircase density of states for a 2D quantum well. The dashed line is
the 3D case.
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has the density of states higher than that of the bulk. This indicates that for the lowest
threshold, the quantum well provides the number of carriers larger than that for the
bulk. In addition, for the same number of carriers, the quantum well yields the smaller
energy fluctuation, which is advantage for the laser applications.

Secondly, the quantum well structure improves the capture efficiency. The
electrons are down into the potential well in the conduction band and the same
situation occurs with the holes in the valence band. This condition enhances the
electron and hole wave functions overlapping which leads to the increasing of
recombination efficiency. Moreover, the effects of surface states are reduced because
the electron and hole are trapped by the potential wells. From above reasons, the
quantum well structure yields the increasing of the emission efficiency. This is
advantage for both light emitting diode (LED) and laser diode (LD) applications.

The benefits of the lattice-matched condition are next described. The lattice-
mismatch between the layers in the sample induces the misfit dislocations which are
believed to cause the non-radiative recombination. The non-radiative recombination is
the recombination between the electron and hole with no emission of light or photon.
It is not required for the optoelectronic devices. Moreover, in the quantum well
structure, the lattice-mismatch induces the strain in the samples. This strain distorts
the potential well as drawn in the Fig. 2.5. The distorted potential well reduces the
overlap of electron and hole wave functions. This reduces the probability of

recombination between electron and hole, leading to the lower emission intensity.

unstrained SQW strained SQW

—ll,-\ IiCB —| /\|7CB
— —

— —
A \_VB _! L VB

Figure 2.5: The wave functions of electron and hole in SQW for both of
unstrained and strained cases.
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2.2 Characterization Methods

2.2.1 High-resolution X-ray Diffraction

High-resolution X-ray diffraction (HRXRD) is a versatile ex-situ investigation
of the epitaxial layer and structure. The measurement is done by projecting the X-ray
beam onto the sample. This X-ray beam is diffracted by the atomic planes in the
sample. The d-spacing between the atomic planes cause the path difference of the
diffracted X-ray beam, and then result in the diffraction patterns (see Fig. 2.6). The
obtained diffraction patterns concern the composition, the uniformity of each layer,
their thickness, the built-in strain and strain relaxation, and the crystalline perfection
related to their dislocation density.

The measurement was done using the Bruker-AXS D8 DISCOVER at the
Scientific and technological research equipment centre, Chulalongkorn University.
The K, radiation from the anode at a wavelength of 1.54056 A was selected for the
experiment. The monochromator consists of two components, a graded parabolic
mirror and a (022) channel-cut Germanium crystal. The graded parabolic mirror
eliminates the Kgradiation and the Ge crystal removes the K., component from the

beam. The sample is placed on an Euler cradle. The Euler cradle permits an

incident light diffracted light

d

Figure 2.6: X-ray scattering geometry. d: d-spacing of atomic plane, 0: Bragg
angle.

A

atomic plane
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independent variation of the incident angle (), the angle around the surface normal
and the angle around an in-plane horizontal direction. Moreover, for the high
resolution, the measurement was performed with a secondary Ge (220) crystal
monochromator in front of the detector. The setup is shown in Fig. 2.7.

There are several scan modes in the routine HRXRD measurements, i.e.

“w—scan”, “20—-scan” and “20/m—scan”. For the “m—scan” mode, it can do by varying
the angle of the incident X-ray beam. The information obtained is the orientation of
the Bragg planes in the sample. The “26-scan” is achieved by varying the angle of the
detector scanning, and the result shows the d-spacing fluctuation of the one Bragg
plane that we intentionally observe. Finally, for the “26/w—scan”, which we adopt in
our experiment, it is done by varying both the incident angle and the detector
scanning angle. The diffraction pattern which obtained from this mode provides
information about the lattice parameters and quality of the sample. For the bulk layer,
we can gain the lattice parameters, i.e. lattice constants of all layers in the sample
which relate directly to the peak position of each layer. The composition which relate
to the peak position is also obtained. However, for the single quantum well structure,
because of the well layer is very thin, the XRD peak of the well layer cannot be
observed, and the composition cannot be directly obtained. So, the simulation
software with a dynamical theory is used to determine the composition and the

thickness of each layer.

detector hybrid‘monochromator
monochromator mirror
O Euler cradle
Ge (220)

20

X-ray tube

Figure 2.7: Schematic drawing of the HRXRD setup.
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2.2.2 Photoluminescence

Photoluminescence (PL) spectroscopy is a routine, powerful, contactless and
nondestructive method for probing the electronic structure of materials. The
measurement is done by projecting monochromatic light or photon direct onto the
sample. This photon is absorbed by the sample and then an electron-hole pair is
created. The electron is excited to the permissible excited states which cause the
electron unstable. So, the electron recombines down to the equilibrium state and
simultaneously release the excess energy. This excess energy can be dissipated
through the emission of light or photon, which called “luminescence”. Because the
source which excites the electron is light or photon, so this measurement method is
called “photoluminescence”.

In general case of quantum well, the bandgap energy of barrier material is
larger than that of the well layer material. So, the energy of exciting photon should be
larger than the bandgap energy of the barrier. When light is projected direct to the
quantum well sample, the electron is first excited to the conduction band of the barrier.
Then, it relaxes to the energy level of quantum states lining in the well. After that, in
case of Type-l quantum well, it recombines to the valence band of the well layer.
However, for Type-l11 quantum well, it instead recombines to the valence band of the
barrier.

In this thesis, the raw data from PL results were obtained from Prof. Kentaro
Onabe’s laboratory, Department of Advanced Materials Science, the University of
Tokyo. The PL setup-is.shown:in-Fig.-2.8. In this experiment, the He-Cd laser with
325 nm (3.815 eV) line of continuous-wave at the power density of 1.0 W/cm? was
used as the light source. The laser is focused by the focusing lens onto the mirrors
before reflecting onto the sample fixed in a cryostat. The cryostat is used for cooling
the sample. The luminescent light from the sample is collected by the collecting lens.
Then, it is dispersed to the monochromator for distinguishing photon energy before
count by the detector. The lock-in amplifier and chopper are applied to increase the

signal-noise ratio.
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Figure 2.8: Schematic drawing of photoluminescence setup.

2.2.3 Temperature Dependent Photoluminescence

Thanks to the technology of cryostat sample holder, the temperature of the
sample can be adjusted in the range of 4 — 300 K. The increasing temperature causes
the thermal energy of carriers in the sample to increase. So, the carriers are excited up
to higher permissible excited states. The results from the temperature dependent PL
show the evolution of PL features with the temperature. Moreover, a fitting of the
graph which is plot between an integrated PL intensity and temperature provides the

parameters which relate to the localized energy or the activation energy.
2.2.4- Photoluminescence-excitation

Photoluminescence-excitation (PLE) spectroscopy is essential an inverse of
photoluminescence spectroscopy. In this technique, the detection system is set to
detect emission of the particular photon energy which inside the photoemission band
of the sample. The exciting light shined onto the sample is tuned. In this thesis, the

raw PLE results were also obtained from Prof. Kentaro Onabe’s laboratory,
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Department of Advanced Materials Science, the University of Tokyo. The PLE
system is shown in Fig. 2.9. The 500 W Xe-lamp is used as the exciting light source.
This halide lamp emits the light with the wide range of frequency. Thus, it is
dispersed by the monochromator A to be a monochromatic light. So, we can tune the
exciting light by changing the slit in the monochromator A. If the energy of the
exciting light coincides with a permissible excited state in the sample, this photon is
absorbed and then the electron-hole pair is created. The electron is excited to that state.
Next, the electron relaxes down to the excited discrete states which lower in energy
than that before recombination which is radiative or non-radiative. After the
absorption and relaxation processes, the emitted light which identical to the setting
photon energy of the monochromator B is then collected and passed to the detector for
counting. Thus, the intensity of this emission is then recorded as a function of the
excitation photon energy.

The result from PLE shows the mechanism of excitation and relaxation of
carriers. It demonstrates the origin of the carrier which recombines at the setting

energy state (interesting energy state). Moreover, the PLE spectrum is roughly

lock-in
amplifier

mirror

»

monochromator AU
Xe lamp

(500 W)

focusing
lens

detector

A
V

collecting
lens

sample

monochromator B

I

Figure 2.9: Schematic drawing of photoluminescence-excitation setup.
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equivalent to the absorption spectrum of the sample. However, the intensities of the
different features do not represent actual absorption strengths. Rather, they reflect the
effect that such absorption has the recombination efficiency at the setting energy state.
Thus, absorption in regions where recombination is very efficient could, in principle,
produce considerable intensity of features in the PLE spectrum.

PLE technique is popular for studying thin epilayers grown on opaque bulk
substrates. It is not necessary to polish the substrate out, in contrast to the absorption
spectroscopy which requires removing the substrate. PLE measurement can therefore
be performed on the quantum well structure which typically thin sample and difficult

to remove the substrate.



CHAPTER Il

EFFECTS OF WELL-WIDTH
VARIATION

In this chapter, structural and optical investigation results of InGaPN/GaP
SQWs with different well-widths are described. The high-resolution X-ray diffraction
(HRXRD) and optical microscopy are used to characterize alloy compositions, layer
thickness, interface properties and surface morphology, respectively. For the optical
characterization, photoluminescence (PL) and photoluminescence-excitation (PLE)

techniques are employed.

3.1 Sample Description

All the In,Gai«P1yN,/GaP SQWs and the In,Gai«P14Ny bulk layers used in
this study were grown on GaP (001) substrates by metalorganic vapor phase epitaxy
(MOVPE) at Prof. Kentaro Onabe’s 'laboratory, the University of Tokyo by
Dr. Nobuhiro Nakadan and Dr. Tokuharu Kimura. The precursors for Ga, In, P and N
are trimethyl-gallium (TMGa), trimethyl-indium (TMIn), PHs; and 1,1-dimethyl-
hydrazine (DMHYy), respectively. The carrier gas is H,. After the growth of the
around 0.3 pm-thick GaP buffer layer at 710°C, a thin In,GaixP1.,Ny well layer and a
GaP cap layer were respectively grown at 635°C. The compositions of In,Gai.xP1.yNy
well layer for all of samples were controlled in the same compositions which were
nominally lattice-matched to GaP. The well-widths of In,Ga;..P1yN, were varied by
the growth time of In,Gay«P1.yNy layer (2 - 8 seconds). The In,GaixP1.yNy bulk layers
without the GaP cap layer were also prepared for a comparative study. The growth
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Figure 3.1: Schematic illustration of the InGaPN/GaP SQW and InGaPN bulk

layer.

parameters such as V/IlI ratio, DMHy flow rate, were based on the growth of the
InyGai1xP1yNy bulk layers [15, 16].

3.2 Structural Investigation

3.2.1 HRXRD and Simulation Results

All the samples were investigated by HRXRD in order to determine the
well-width and alloy composition and check the structural quality. As in Fig. 3.2,
shows (004) 26/w-scan HRXRD patterns of four InGaPN/GaP SQWs with different
well-widths. The InGaPN well layers were grown at the same growth rate and flow
rate of precursors but the growth time were different (2, 3, 4 and 8 seconds). These
different growth time lead to the different well thickness. All the samples show a
similar shape of diffraction patterns. The main sharp peaks at the angle of 68.8°
correspond to the reflection from the (004) GaP. In addition, the additional diffracted
peaks at lower angles, the broad satellite fringes and the frequent Pendelldsung
fringes are clearly observed.

For the bulk layer, the composition can be obtained directly from the angle
position of the diffracted peak. In the case of SQWs, the well layer is very thin, not
larger than 10 nm. So, the diffracted peak of the well layer cannot be clearly observed.
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Figure 3.2: HRXRD patterns of InGaPN/GaP SQWSs with the growth time of

InGaPN layer were different.
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The existence of this layer is shown through the interference fringe which called
“satellite fringes”. In order to determine the composition and the thickness of each
layer in the SQWs, the dynamical theory [17] simulation software is employed. The
initial parameters that need in the simulation software are the composition and the
thickness of each layer, and the strain of whole sample.

In this experiment, the initial composition and the thickness of well layer were
estimated from the bulk growth condition. The strain was approximated to be zero due
to lattice-matching condition. The simulation results from the software are depicted in
Fig. 3.3, along with the experimental patterns, which show a very match to the
experimental results. From the simulation, the In and N concentrations in the
InyGaixP1yNy well layer are almost the same for all the SQWs. The In and N
concentration were examined to be at x = 0.050 and y = 0.025, respectively. But the
well thickness or well-width are different as labeled in Fig. 3.3. Moreover, the
additional diffracted peak at the lower angle is corresponding to (004) InGaP. The
existence of InGaP is due to the diffusion of a small amount of In (~ 0.5%), which has
been existed in the growth system, into the GaP buffer layer during the growth. In
addition, the clearly observed interference fringes from the experimental results
indicate that the excellent crystal quality and fairly flat interface have been grown.
Furthermore, the extremely matching between the GaP diffracted peak and the zero
order of satellite fringes, as shown by dashed line in Fig. 3.3, indicate the
lattice-matching between InGaPN well layer and GaP barriers. These demonstrate that

the lattice-matched InGaPN/GaP SQWs were successfully achieved.
3.2.2 Surface Images from the Optical Microscopy

In order to indicate the lattice-matching condition, surface morphologies were
investigated for the other evidence. Figure 3.4 illustrates the surfaces of SQWs (Fig.
(@ — (d)) which are the same series shown in last section together with the film
surface of GaP substrate (Fig. 3.4 (e)). All the samples show the smooth surface
without appearing of cross-hatch patterns, which is usually observed in the highly
lattice-mismatched films. For the comparison, the surface morphology of highly
lattice-mismatched GaP1.4Nyx (x = 0.023)/GaP with cross-hatch patterns [18] is shown
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(Lz = 1.6 -6.4 nm) and the simulations.
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InGaPN/GaP SQW InGaPN/GaP SQW
L,=16nnm L,=24nm

GaP substrate ~} 8 GaPN/GaP

Figure 3.4: Surface images from the optical microscopy: (a) InGaPN/GaP SQW
with Lz = 1.6 nm, (b) InGaPN/GaP SQW with Lz = 2.4 nm, (c) InGaPN/GaP SQW
with Lz = 3.2 nm, (d) InGaPN/GaP SQW with L; = 6.4 nm, (e) GaP substrate, (f)
GaPN/GaP bulk layer from Ref. [18].
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in Fig. 3.4 (f). It is well known that the cross-hatch pattern is originated from the
generation of misfit dislocations at the interfaces, which is due to lattice-mismatch
between the layers in the film. This observation indicates that the samples have
excellent quality without generation of misfit dislocation at the interface. Such
cross-hatches do not appear at all on the surface when the lattice-mismatch is less than
0.3% [18] which is very much small. So, this series of samples are in the

lattice-matching condition. The lattice-matched InGaPN/GaP SQWSs were confirmed.

3.3 Optical Investigation

3.3.1 Low-temperature Photoluminescence

Figure 3.5 shows the low-temperature (LT, 10 K) PL spectra of
INg.050Gao.950P0.975N0.025/GaP lattice-matched SQWs with well-widths of Lz = 1.6, 2.4,
3.2 and 6.4 nm, as well as the Inyp50Gao 950P0.975No.025 bulk layer. All samples show an
evidence of the strong light emission in the visible (A = 560 — 680 nm) region as
shown by the light spectrum above the figure. Compare to the bulk film, the PL peak
position of SQWs exhibit a blue-shift of about 38 meV (measure from the top peak)
for the narrowest SQW (Lz = 1.6 nm). This blue-shift is much consistent with the
quantum confinement by the well. Moreover, it is found that an extra peak appears at
higher-energy side of the main peak when the well-width is about L; = 3.2 nm or
narrower. Nevertheless, this feature grows up and shifts toward the higher energies
with a decreasing of well-width. Since, for the N concentration close to y = 0.02, the
average distance between the N atoms is about 1.3-nm [19], which-is comparable to
the width of the narrowest well of Lz = 1.6 nm. Additionally, thanks to this InGaPN
lattice-match to GaP, so they have the lattice constant equal to GaP which is 5.45 A.
The SQW with the narrowest well (L = 1.6 nm) is approximated around 2-3
monolayers. So, the N atom might be vanished at some locations. Thus, the N
concentration in the Ingos0Gapgs0Po.97sNoozs Well near the interfaces with the GaP
barrier is expected as somewhat lower than the inner zone which isy = 0.025. As a

result, the splitting of this PL sub-peak might be caused by the recombination of
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Figure 3.5: Low-temperature (10 K) PL spectra for InGaPN/GaP SQWs
(x = 0.050, y = 0.025) with different well-widths Lz = 1.6 — 6.4 nm as well as the
bulk layer. The arrows indicate the extra peak that appears at the higher energy.
The light spectrum above the figure shows the emission region of the samples.
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excitons due to the lattice fluctuation or well-width fluctuation, as shown in Fig. 3.6
which are induced by random distribution of the N atoms within the well.

As clearly seen from the 10 K PL spectra in Fig. 3.5, the PL spectrum contains
several sub-peaks. The number of sub-peaks and the peak positions were preliminary
obtained by derivative method. The solid line in Fig. 3.7 is the 10 K PL spectrum of
the 1ng050Gap.950Po.975N0.025/GaP  lattice-matched SQW with Ly = 1.6 nm which
exhibits three distinct spectral features, denoted by arrows. The dotted line is the
numerical derivative (with respect to photon energy) of the PL data. The sub-peak
positions of the three features were accurately obtained from the zero-crossing
(A and B) and an inflection point (C). For in-depth analysis, a quantitative fit to the
PL spectra, by assuming a Gaussian distribution of the density of state, has been
utilized to accurately evaluate their own energy peak positions. Figure 3.8 (a) and (b)
show the fitting results of the bulk film and the example of SQW with well-width of
1.6 nm, respectively. For the bulk film, the fitting result shows the three sub-peaks,
which are X, Y and Z. For the SQW shown in Fig.3.8 (b), the four features of sub-
peaks denoted as A, B, C and D are visible. The sub-peak Z in the case of bulk film
and the sub-peak D in the case of SQW were added in order to fulfill the PL spectrum
in the low energy region. The sub-peak Z in the case of bulk film is determined by the
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Figure 3.6: Schematic drawing of lattice fluctuation or well-width fluctuation in

the InGaPN/GaP SQW.
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Figure 3.7: 10 K PL spectrum of the Inges0Gap.gs50Po.975No.025/GaP lattice matched
SQW with well-width of 1.6 nm. The dotted line is the numerical derivative of the

PL data (solid line). The energies (A, B and C) denoted by arrows.

band-tail of an electronic structure, which is typically observed in other dilute nitride
semiconductors [18, 19]. For an ideal crystal with no impurity perturbation, the
conduction band edge should be‘sharp. However, for the real situation, the crystal is
adulterated by impurities [20]. These impurities exert the force on the conduction
band and valence band. Since impurities are distributed randomly ‘in the host crystal,
this leads the conduction band and valence band are rough bands, as shown in Fig. 3.9.
Since the N has high electronegativity (3.0) and N levels close to the conduction band,
so the very distinct long band-tail in this InGaPN and other dilute nitride alloys might
due to the strong interaction between N and the conduction band. These rough bands
might lead to the rising of sub-peak D in the case of quantum well sample.

Evolution of PL sub-peaks of SQWs related to well-width is shown in Fig.
3.10. The progression in the blue-shift of all the PL sub-peaks denoted as A, B, C and

D confirms the quantum confinement of the well.
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Figure 3.8: (a) 10 K PL spectra for InGaPN/GaP bulk layer (x = 0.050, y = 0.025),
as well as the fitting (b) 10 K PL spectra for InGaPN/GaP SQWs (x = 0.050,
y = 0.025) with well-widths Lz = 1.6 nm, as well as the fitting.
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InGaPN/GaP SQWs (x = 0.050, y = 0.025) with various well-widths.
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3.3.2 Photoluminescence-excitation

Figure 3.11 illustrates the 10 K photoluminescence-excitation (PLE) spectra
monitored at 1.89 eV for the Ingos0Gaggs0Po.o7sNo.o2s/GaP SQWSs with different
well-widths (Lz = 1.6 — 6.4 nm) together with the Ing o50Gap.g50P0.975N0.025 bulk layer.
In the bulk layer, a broad absorption band at about 2.08 - 2.40 eV and a step
absorption edge at 2.86 eV are clearly distinguished. It should be noted that these
features are similar to those in the GaPi,yAs;Ny (y = 0.02) [19] and GaPiyNy
(y =0.014) [21, 22, 23] bulk layers. From the comparison results, there are four notice
points in Fig. 3.11, three for no well-width variation and one with well-width
variation. The three dotted lines indicated the features that no variation of the energy
position with the well-widths. First, the step sharp peak at the energy of 2.87 eV (A)
is attributed to the absorption by the direct bandgap of GaP, which is the barrier of
SQWs. Second, the sharp peak at 2.31 eV (B) is the A-line or NN, which is the
localized state generated by an isolated N atom. Third, the absorption at 2.18 eV (C)
is corresponded to the NN;j state, which is the localized state created by the close
nearest neighbor N atom pair.

In the case of incorporating with N, the N atom locates among the Ga atoms.
Because N has the electronegativity much higher than P, these N atoms can attract the
carriers or exciton to localize around them. In addition, the atomic size of N atom is
much smaller than P, leading to the lower potential at this N atom position. Hence, the
carriers or exciton are trapped at this position.

In addition; the feature with the well-width- variation-is the absorption edges
indicated by the arrows. Comparing to the bulk film, the PLE spectra have shown the
blue-shift of the fundamental absorption edge to 2.17 eV for Lz = 1.6 nm from
2.08 eV for the bulk. The amount of the blue-shift is increased with the decreasing of
the well-width. This confirms the quantum confinement by the well. Moreover, from
the above results, it could be interpreted that the three features indicated by the dotted
line are the absorption of the GaP barriers because they do not change with the well-
width variation. In contrast, the absorption edge is the absorption from the InGaPN
layer because it exhibits the blue-shift with decreasing the well-width. In SQWs, the
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Figure 3.11: 10 K PLE spectra for InGaPN/GaP SQWs (x =0.050, y = 0.025) with
different well-widths (Lz = 1.6 — 6.4 nm) as well as the bulk layer. The arrows
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well-width variation.
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absorption from the barriers has higher intensity. This indicates that the carriers
generate mainly in GaP barriers and then transfer to the InGaPN well layer.

3.4 Temperature Dependent PL

In order to investigate the evolution of the optical transition in the SQWs with
the temperature, the temperature dependent PL was done. Figure 3.12 shows the PL
spectra for the Ings50Gao.950P0.975N0.025/GaP- SQW with Ly = 2.4 nm as dependent on
temperature. At the temperature of 5 K, the PL spectrum consists of four PL
sub-peaks as describe in previous section. With increasing of temperature, the
intensity of sub-peak A gradually decreases with compare to other sub-peaks and be
completely quenched at the temperature about 77 K. For the temperature higher than
77 K, the intensity of the sub-peak B decreases and be completely quenched at the
temperature around 143 K. On the other hand, only the sub-peaks C and D can be
survived for the temperature higher than 143 K and can be observed until 200 K. The
SQWs with other well-widths have the similar trend of temperature dependent PL
results. According to the theory of the thermodynamic, the increasing of temperature

raises the thermal energy of the carriers, as following,

E - kBT ’ (31)

where E is the thermal energy of the carriers, kg is Boltzmann’s constant and T is the
temperature of the sample. After the carriers obtain this thermal energy, they are
activated, and then can escape from the potential well. So, the energy that assists the
carriers to “activate” (escape) from the potential well is called “activation energy”.
From the results, the sub-peaks A and B are quenched at the temperature about 77 K
and 143 K. So, the activation energy for the sub-peaks A and B are approximated to
be about 6.6 and 12.3 meV, respectively. The lower in activation energy of the
sub-peak A than that of the sub-peak B indicate that the emission of sub-peak A is
generated from the shallower potential well.

From the temperature dependent PL, we can see that the evolution of PL

spectrum with the temperature can be separated into two trends. First, the PL
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Figure 3.12: Temperature dependent PL of Inggs50Gao.950P0.975N0.025/GaP SQW
with Lz = 2.4 nm.
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sub-peaks quenched in low temperature region, sub-peak A and B. Secondly, the PL
sub-peaks that survive in high temperature region, sub-peak C and D. In addition, the
relationship between the positions of PL sub-peaks and well-width, which is shown in
Fig. 3.10, indicates that the blue-shift also could be divided into two trends (sub-peaks
A and B, and another sub-peaks C and D). Because the sub-peak A is attributed to the
lattice fluctuation, so the sub-peak B might be also attributed to the lattice fluctuation.
In the quantum well material systems, there are two kinds of fluctuations, the lattice
fluctuation and the compositional fluctuation. Thanks to the sub-peak D is the
band tail which believed the result of random distribution of N atoms or called
compositional fluctuation, so the sub-peak C, which has the same trend of progression,
might be also attributed to the compositional fluctuation.

In addition, we can obtain the approximation of activation energy of the
sub-peak, which survives for the high temperature, by plotting the natural log of the
overall integrated PL intensities as a function of the inverse temperature. So, the
natural log of the overall integrated PL intensities of the SQWs is plotted as a function
of the temperature shown in Fig. 3.13, together with that of the bulk layer for the
comparison. With increasing temperature, the overall integrated emission intensity of
the PL spectra gradually decreases. This indicates a large number of non-radiative
recombination centers. The activation energy can be obtained from the equation [24],

I(T) = . ,
P -E
1+ exp] —2
{ Pr ( kBT jj

where I(T) is the integrated PL. intensity at temperature T, 1(0) is the integrated PL

3.2)

intensity at temperature 0 K, kg is Boltzmann’s constant, T is the temperature, Pyo/Pr
is effectively the ratio of non-radiative (Pno) to radiative (P;) recombination
probability and E, is the activation energy. The best fit above 145 K yields the
non-radiative recombination of P,o/P; ~ 10° - 10’. The activation energies of the
SQWs together with the bulk layer are shown in Fig. 3.13. The activation energies of
the SQWSs are higher than that of the bulk layer, indicating the SQWSs has the
efficiency for confining the carriers better than that of the bulk layer.

Based on the PLE results, it is found that the values of E, ~ 200 - 250 meV are

in an agreement well with the energy difference between the PLE absorption edge of
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the 1no.056Gao.044P0.975No.025s bulk (~ 2.08 eV at 10 K) and the bandgap of GaP
(2.35 eV ), which amounts to 250 meV. It is also expected by calculation [25, 26] that
the most part of the bandgap difference contributes to the conduction-band offset AE..
Therefore, the E, values for SQWs are considered as coming form the GaP barrier
height for the carrier over flow from the quantum well, while for the bulk is from the
localization energy of the bound excitons. These results demonstrate an efficient
carrier  confinement,  which is  realized in  the lattice-matched
IN0.056Ga0.944P0.97sN0025/GaP~ SQWs with a large conduction band offset

AE. ~ 200 - 250 meV, giving the highly efficient PL at higher temperatures.
3.5 Summary

Structural and optical properties of 1Ny 0s50Gap.g50P0.975No.025/GaP with different
well-widths were investigated. The compositions and the well-widths of SQWs were
obtained by HRXRD results and their simulation. HRXRD results demonstrate the
lattice-matched SQWs. In addition, the surface images from the optical microscopy
were used to confirm the lattice-matched SQWs with the strain less than 0.3% and no
generation of misfit dislocation. The PL peak position and PLE absorption edge
observed from the SQWs exhibit the blue-shift comparing to the bulk film. This
blue-shift was increase with decreasing of the well-width, which is attributed to the
quantum confinement effect by the well. The temperature dependent PL results show
that the SQWSs has the activation energy higher than that of the bulk film, indicating
the SQWs has the efficiency for confining the carriers better than that of the bulk
layer. The larger activation energies in the SQWs are due to the large conduction band
offset (200 -250 meV).



CHAPTER IV

EFFECTS OF COMPOSITIONAL
VARIATION

In this chapter, structural and optical investigational results of both the
InkGai«P1yNy bulk layer and the In,Ga;xP1.yN,/GaP SQWs with different In and N
concentrations are described. High-resolution X-ray diffraction (HRXRD) was
performed to characterize the structural properties. For the optical characterization,
photoluminescence (PL) and photoluminescence-excitation (PLE) techniques were
employed.

4.1 Sample Description

All the In,Gai«P1yN,/GaP_SQWs and the In,Gai.«P1yNy bulk layers used in
this study were grown on GaP (001) substrates: using metalorganic vapor phase
epitaxy (MOVPE) technique at Prof. Kentaro Onabe’s laboratory, the University of
Tokyo by Dr.'Nobuhiro Nakadan and Dr. Tokuharu Kimura. The precursors for Ga, In,
P and N are trimethyl-gallium (TMGa), trimethyl-indium (TMIn), PH; and
1,1-dimethyl-hydrazine (DMHYy), respectively. The carrier gas is H,. After the
growth of the around 0.3 um-thick GaP buffer layer at 710°C, a thin In,Gay.«P1yNy
well layer and a GaP cap layer were respectively grown at 635°C. The composition of
the In,Ga;«P1yNy well layers, which are nominally lattice-matched to GaP, were
controlled to be x = 0.050 — 0.135 and y = 0.025 — 0.071. The well-widths were
controlled to be the same in the same series of the samples. The InyGaixP1.,Ny bulk
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Figure 4.1: Schematic illustration of the InGaPN/GaP SQW and InGaPN bulk

layer.

layers without the GaP cap layer were also prepared for a comparative study. The
growth parameters such as V/III ratio, [DMHy] molar flow rate, were based on the
growth of the InyGai«P1yNy bulk layers [15, 16]. A schematic illustration of the
InGaPN/GaP SQW and InGaPN bulk layer are shown in Fig. 4.1.

4.2 Structural Investigation

Figure 4.2 shows the (004) 26/w-scan HRXRD patterns of three
InyGa1.xP1yNy /GaP SQWs, which use different molar flow rates of precursors for the
same growth-time. These different molar flow rates lead to the difference in
compositions (X, y) of the InyGai5P1yNy layer. All samples show the similar shape of
diffraction patterns. The main sharp peak at the angle of 68.8° correspond to the
reflection from the (004) GaP. In addition, the additional diffracted peaks at lower
angle of (In)GaP buffer layer, the broad satellite’ fringes and the frequent
Pendellosung fringes are clearly observed. All features are similar to the results
discussed in previous chapter (section 3.2.1).

Likewise the previous chapter, the simulation software was used to determine
well thickness and the compositions. The simulation results obtained from the
software are depicted in Fig. 4.3 together with the experimental diffraction patterns.

As shown in the figure, the simulation results are very match to the experimental
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Figure 4.2: HRXRD patterns of InGaPN/GaP SQWs grown using different In and

N flow rates.
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results. According to the simulation, the well thickness or well-width of the
InyGa1.xP1yNy well layers of Lz = 2.4 nm are fixed and the same for all the SQWs. But
the In and N concentrations in the well layers are different (x = 0.050, y = 0.025),
(x=0.080, y =0.048) and (x = 0.135, y = 0.071), respectively, as labeled in the figure.

In addition, from the experimental results, the Pendellésung fringes for SQWs
with compositions of (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071) are not clearly
seen than that of the SQW with compositions of (x = 0.050, y = 0.025). So, the crystal
quality degradation caused by high N incorporation. The degradation of the crystal
quality might be due to the composition fluctuation of high N containing InGaPN
materials. However, they can still be observed, this indicates the fairly flat interfaces.
Furthermore, the closely matching between the GaP diffracted peak and the zero order
of satellite fringes indicate the lattice-matched InGaPN/GaP SQWs.

4.3 Optical Investigation

4.3.1 Bandgap Energy of In,Ga;P;.,N, Alloys

In order to estimate the bandgap energy of each alloy composition, the PLE
results obtained from the bulk layers are considered. Figure 4.4 depicts the PLE
spectra of the bulk layers with alloy compositions of (x = 0.050, y = 0.025), (x = 0.080,
y = 0.048) and (x = 0.135, y = 0.071), respectively. The absorption edge of the PLE
spectra for each alloy composition is determined as the effective bandgap energy of
that. The estimated absorption edges are 2.08, 1.96 and 1.86 eV for the compositions
of (x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071),
respectively. With increasing In and N concentrations, the absorption edge exhibits a
red-shift. This indicates a reduction of the bandgap energy due to the incorporation of
both In and N. For the bulk sample with composition of (x = 0.135, y = 0.071), the
bandgap energy determined by surface photovoltage spectroscopy (SPS) have been
reported by Hsu et al. [27]. From their results, the bandgap energies at 0 K and the
room temperature are 2.008 + 0.005 and 1.922 + 0.025 eV, respectively. This is
closely comparable to the effective bandgap energy at 10 K which is 1.86 eV. The

difference might come from the difference in characterization methods and the fitting
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Figure 4.4: 10 K PLE spectra of InGaPN/GaP bulk layers on GaP with different In

and N concentrations. The arrows indicate the absorption edge.
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procedures. In addition, PL results of the same series are also shown in Fig. 4.5. They
also show the red-shift of PL peak positions with increasing both In and N
concentrations. This evidence confirms the large lowering of the bandgap energy,
which is mainly due to the N incorporation.

From the approximation with no valence band offset for the dilute nitrides [2],
the conduction band offsets for the InGaPN/GaP SQWs with the compositions of
(x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071) can be
estimated to be 270, 390 and 490 meV/, respectively, as shown in Fig. 4.6. These
values indicate the large barrier height for an electron confinement in the
INGaPN/GaP quantum structures. In addition, the value of 270 meV for the
composition of (x = 0.050, y = 0.025) is comparable with the activation energy,
obtained by the fitting of the temperature dependent PL results described in Chapter 3.

Moreover, to date, fundamental type of bandgap for the InGaPN alloy is still
not manifest. Hsu et al. reported that InGaPN is a direct bandgap semiconductor.
However, our PLE results show that it seems to be a quasi-direct semiconductor
because its PLE absorption edge is not sharp. In the case of direct bandgap
semiconductors, in general, their absorptions are very steep (for example, the
absorption of direct bandgap of GaP at 2.87 eV as shown in Fig. 3.11). The band
formation of InGaPN alloy with low In concentration might be the same for GaPN
which is also dilute nitride material. For the incorporation of small amount of N into
GaP which is an indirect bandgap semiconductor, the N atoms form many trapping
states under the indirect gap of GaP and independent with wave-vector (k) [28]. The
most prominent of the N trapping state is the A-line that is originated from an isolated
N atom which exhibits as the trapping defect [29]. For N > 1%, these N trapping
states merge together and form the new band with-independent with-wave-vector (k),
as shown in Fig. 4.7.  Hence, this. new band leads GaPN to the quasi-direct
semiconductor. The same situation is also expected for InGaPN, which has the

concentrations of In and N much smaller than that of Ga and P.
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4.3.2 Photoluminescence of InGaPN/GaP SQWs

Low-temperature (10 K) PL spectra of the In,Ga;..P1,Ny/GaP SQWs with
various In and N concentrations of (x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and
(x =0.135, y = 0.071) but the same well-width of Lz = 2.4 nm were shown in Fig. 4.8.
With increasing In and N concentrations whereas the well-width was fixed, the PL
main peak exhibits red-shift. This indicates a reducing of the optical transition energy
which is due to the lowering conduction band edge of In,Gai«P1yNy well layer. Also,
for the highest N-incorporating SQW sample, the intensity of PL main peak rapidly
decreases. This is owing to the high-concentration of non-radiative recombination
defects in the high N-incorporating SQW. The non-radiative defects are the defects
that trap the carriers. So, the carriers cannot recombine or recombine without photon
emission (might be phonon emission). In addition, the sharp NN; lines and their
phonon replicas [29] are clearly observed in all SQWSs. The dotted lines indicate the
NN; lines which have an intense intensity, i.e., A-line (2.31 eV) and NNj3 (2.26 eV).
The A-line and NNj3 are attributed to the recombination from the isolated N atom
states and third nearest neighbor N atom site state, respectively [29]. Unlike the PL
main peak, these NN; lines still remain their energy with increasing In and N
concentrations. It is interpreted that the PL main peak was emitted from InGaPN well
layer. In contrast, the sharp NN; lines, they were emitted from the GaP barrier. This
might due to the N atoms penetration in GaP barriers during the growth, or it is the
recombination of excitons near the interface of InGaPN and GaP. Thus, the cause of a
large reduction of PL-intensity. may be owing to the rising of non-radiative defects
which related to the incorporation of In and N.

4.3.3° Photoluminescence-excitation of InGaPN/GaP SQWs

Figure 4.9 illustrates the 10 K PLE spectra monitored at 1.89 eV for the
InyGa1xP1yNy/GaP SQWs with various In and N concentrations of (x = 0.050,
y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071) but the same well-width
of Lz = 2.4 nm. The features of PLE are similar to previous chapter. With increasing

In and N concentrations whereas the well-width was fixed, the absorption
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Figure 4.8:°10 K PL spectra for InGaPN/GaP SQWs of well-width 2.4 nm with
different In and N concentrations. The dashed lines indicate the A-line and NNj3

line. The light spectrum above the figure shows the emission region of samples.
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edges of PLE exhibit the red-shift. This confirms a reduction of the optical transition
energy which is due to the lowering conduction band edge of the In,GaixP1.yNy well
layer. The amount of the red-shift is 68 meV from the composition of (x = 0.050,
y = 0.025) to (x = 0.080, y = 0.048). For the highest N-incorporating SQW, the
intensity of the emission is too low for determining the features. So, the well-defined
PLE spectrum cannot be observed for such high N-containing sample.

4.4 Summary

Structural and optical properties of In,Gai«P1.yN,/GaP with different In and N
concentrations, which are (x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135,
y = 0.071), both bulk layers and SQWSs were invatigated. For the bulk layers, the
absorption edges exhibit a red-shift with increasing In and N concentrations. This
indicates the reduction of the bandgap energy due to the incorporation of In and N. It
is found that the conduction band offsets for SQWs can be estimated to be 270 - 490
meV. These values indicate the large barrier height for electron confinement in the
InGaPN/GaP quantum structures.

For SQWs, the composition and the well-width of SQWSs were obtained by the
HRXRD results and simulations. The HRXRD results had shown the lattice-matched
SQWs and the degradation of the crystal quality which might due to the composition
fluctuation of high N-containing in InGaPN materials. Moreover, the PL peak
position and PLE absorption edge exhibited the red-shift with increasing In and N
concentrations. This is owing to a reduction of the optical transition energy which is
due to the lowering conduction band edge of In,Gai..P1yNy well layer. Our results
demonstrate that the large reduction of conduction band edge is -mainly due to the
incorporation N. With higher incorporation of N, the intensity of PL main peak
rapidly decreases, owing to the high-concentration of non-radiative defects which

strongly related to the incorporation of N.



CHAPTER V

FINITE-DEPTH SQUARE
POTENTIAL WELL
CALCULATION

In this chapter, the finite-depth square potential well calculation is used to
interpret the PL and PLE results that obtained from the InGaPN/GaP SQWs. As an
example, the valence band offset of InGaPN/GaP SQW is discussed. The difference
of well-widths which causes the lattice fluctuation seen on PL spectra in Chapter 3 is

also clarified.

5.1 Comparison between Absorption Edge and

Finite-Depth Square Well Calculation

In order to determine the quantum well characteristic of the novel
INGaPN/GaP system, the series of Ino0s50Gag.g50Po.975No.02s/GaP SQWS, which have
emission in PLE results for all well-widths, are selected for comparing with the
potential well calculation as a function of well-width. With benefits of lattice-matched
condition, the finite-depth square potential well calculation without the effects of
hydrostatic strain can be used to interpret the PL and PLE results obtained from the
lattice-matched InGaPN/GaP SQWs. In order to obtain the transition energy, the
valence band offset (AE,) of InGaPN/GaP system is required. First, the valence band

alignment of the Ing 050Gap.950P0.975N0.025 alloy is calculated. In this study, the valence
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band lineup of Ing.050Gao.g50P0.975No.025 IS Obtained from the binary materials which are
the components of the InGaPN, i.e. GaP, InP, GaN and InN. The interpolation rule for

the physical properties (P) of InyGaixP1.yNy alloy is [30]

PInGaPN (X, y) =

L=X)*(Q-y)*Pgpp +X*(L=y)* P +(L=X)*y* P + X*ky*P (®-1)

The data of the valence band alignments for I11-V binary compounds is shown in
Fig. 5.1. This information is obtained from the theoretical calculation by the Wei and
Zunger [31]. However, they have reported that the uncertainty of their calculation is
about 0.05 eV (50 meV) and the error can be larger for systems between nitrides and
other I11-V compounds.

From the interpolation rule, the wvalence band alignment for the
INg.050Ga0.950P0.975N0.025 1S estimated to be 0.95 eV. So, comparing the GaP which is
the barrier, the valence band offset of Ingos0Gaggs0Po.975No02s/GaP is small as
-0.04 eV. The minus sign indicates that the valence band of Ing os0Gap.950P0.975No.025 IS
lower than that of GaP which is the barrier. This shows the Type-IlI quantum well
which is hardly possible because the PL results show the strong luminescence.
However, the value of valence band offset of 0.04 eV is smaller than the error which

2.03 2.02

152
AIN GaN InN AIP GaP InP AlAs GaAs InAs AISb GaSb InSb

Figure 5.1: Calculated natural valence band alignment of Il1-V semiconductor

compounds [31].
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Wei and Zunger gave in their calculation. So, the valence band offset for this system
can be approximated to zero. Next, in order to establish the well height, the
conduction band offset (AE;) needs to be determined. In this calculation, the PLE
absorption edge of Ings50Gap.9s0Po.975N0.025 bulk layer (~ 2.08 eV) is used as the
effective bandgap of the InGaPN well layer. The barrier potential is determined by
energy level of the indirect bandgap of GaP (2.35 eV). Consequently, the value of AE.
is estimated to be about 270 meV. Although the HRXRD results show that the one
side of the barriers is the (In)GaP which is caused by the insertion of small amount of
In into the GaP buffer layer, but this small amount of In (~ 0.5%) cannot perturb the
indirect bandgap of GaP, as seen in Fig. 1.1. So, the model with the same height of
both sides of barriers is still valid.

Because there is only conduction band offset, hence the other required

parameter is the electron effective mass (m; ) of the Ingos0Ga0.950P0.975No.025. The

interpolation rule is used again. The electron effective masses of the binary materials
[10] and Ing0s50Gao.950P0.975No.025 from the interpolation are shown in Table 5.1. The
calculation procedures of the finite-depth square potential well have been already

shown in Chapter 2. Thus, the optical transition energy (Et) can be written as

Er =Egieeen +E (5.2)
electron
materials effectivg mass

(m;)
GaP 0.13

InP 0.0795
GaN 0.15
InN 0.12
15050585 950P0.975No 025 0.128

Table 5.1: The electron effective mass of IlI-V binary compounds [10] and

IN0.050Ga0.950P0.975N0.025.
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Figure 5.2: Schematic drawing for the calculation of the optical transition energy.

A schematic for the calculation is shown in the Fig. 5.2. The energy positions of the
PL main peak and the PLE absorption edges as a function of well-widths are
illustrated in Fig. 5.3 together with the calculated transition energies from Eg. (5.2).
Both the PL peak position and PLE absorption edge exhibit the same trend with the
calculated optical transition energies, confirming the quantum confinement effect of
the well. However, both of them show the lower in the energy than the calculated
optical transition energies. This difference might be due to the difference in the
electron effective mass and the valence band offset. However, in this work, we have
calculated the optical transition energies using the electron effective mass obtained
from the interpolation rule. It is known that in-dilute 111-V-N system, the electron
effective mass Is significantly increased with incorporation -of N [33, 34]. So, the
electron effective mass in real situation might be heavier than that of the calculation.
Moreover, in this InGaPN/GaP structure, the valence band offset might be larger than
zero, leading the PLE absorption edge to be lower in energy than the calculation. On
the other hand, it is evidence that the PL peak positions are much lower in the energy
than the PLE absorption edges and the calculated value of optical transition energies.
This evidence implies that the energy at the PLE absorption edge is the energy that
excites the electron up to the energy at quantum state but the energy at PL emission
might be originated from the emission of exciton. The difference in the transition
energy in the case of the PLE and PL might be owing to the exciton binding energy.
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Figure 5.3: The energy positions of the main PL peaks and the PLE absorption
edges as a function of well-widths together with the calculated transition energies.
The error bars in the case of PLE absorption edges come from the procedure of
determination of the absorption edges. The error bars in the case of PL peak

positions come from the resolution of PL measurement.

This exciton binding energy will be increased with decreasing well-width since the
electron and hole are forced to be closer to each other [35]. This reason might be the
cause of increasing the separation between the energy of the PLE absorption edge and
that of PL peak position with decreasing well-width.

5.2 Effect of Lattice-fluctuation

In the Chapter 3, the PL results of the well-width dependence (Fig. 3.5) show
the splitting of the PL peaks into sub-peak A and sub-peak B which due to the
lattice-fluctuation. For the PL spectrum of Ings50Gag.gs50Po.975No.025 /GaP SQW with



58

InGaPN/GaP
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Figure 5.4: PL spectrum of |no_o5oGa0_950P0_975N0_025 [/GaP SQW with well-width of
1.6 nm together with the value of difference in energies of the splitting sub-peaks.

well-width of 1.6 nm, the energy difference of sub-peak A and sub-peak B is
determined to be 44 meV, as shown for example in Fig. 5.4. If the sub-peak B is the
emission from the region, which has the well-width of 1.6 nm, so the sub-peak A
which has the emission at higher energy is the emission from the thinner zone. From
the finite-depth square potential well calculation, the value of 44 meV is comparable
to the difference in the optical transition energy from the SQW which difference in

well-width of about one lattice-constant (0.54 nm).

5.3 Summary

The electron effective mass of Ingos0Gao.9s0P0.975No.02s calculated from the
interpolation rule is 0.128. The valence band offset of the Ing ¢50Gag.g50P0.975N0.025/GaP
structure is discussed. In addition, the results from the interpolation of the valence

band alignments of the binary materials show that the valence band edge of
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IN0.050Ga0.950P0.975No.025 lie at 0.95 eV. This leads the valence band offset of
INg.050Ga0.950P0.975N0.025/GaP structure to be very small and is approximated to be zero
in this calculation.

The comparison between the PLE absorption edge and the optical transition
energy from the finite-depth square well calculation are shown. The PLE absorption
edges exhibit the same trend with optical transition energies from the calculation,
confirming the quantum confinement effect of the well. In addition, by using this
calculation, the lattice fluctuation in the novel InGaPN/GaP SQWs is estimated to be

about one lattice-constant (0.54 nm).



CHAPTER VI
CONCLUSIONS

In this thesis, the physical properties of the lattice-matched In,Gay..P1yN,/GaP
single quantum well (SQWS) grown by MOVPE were analyzed. The structural
properties were mainly characterized by high-resolution X-ray diffraction (HRXRD)
whereas the optical properties were characterized by photoluminescence (PL) and
photoluminescence-excitation (PLE). The In,Gai4P1yN,/GaP SQWs used in this
study were separated into two series. First series is the fixed alloy composition
InyGa1.xP1yNy/GaP SQWs with different well-widths (Lz = 1.6 -6.4 nm) and the other
is the fixed well-width In,Ga;«P1.yN,/GaP SQWSs with different alloy compositions
(%, y) in the well layer ((x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135,
y = 0.071)). The analyses were mainly divided into two parts, the effects of
well-width variation and the effects of compositional variation. The discussion was
focused on the evidences of the quantum confinement effect in the SQWs.

The main results and conclusions obtained in this research work are

summarized as follows:

(1) HRXRD results and surface images demonstrate that the lattice-matched
InxGai«P1yN,/GaP SQWs with high crystal quality and fairly flat heterointerface were

obtained.

(2) For the fixed composition In,GaixP1yN,/GaP SQWs with different
well-widths, PL peak position and PLE absorption edge shift to higher energy
(blue-shift) with decreasing well-width. This confirms the quantum confinement
effect of the well. In addition, the well-resolved PL sub-peaks in the SQW with the
narrowest well is attributed to the lattice fluctuation (or well-width fluctuation). The
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lattice-fluctuation was examined to be about one lattice-constant (1.06 nm) in such
SQWs.

(3) For the fixed well-width In,Gai«P1yN,/GaP SQWs with different alloy
compositions, PL peak position and PLE absorption edge shift to lower energy
(red-shift) with increasing both the In and N concentrations. However, it is believed
that the large red-shift is due to the incorporation of N, resulting in a large reduction
of the conduction band edge of In,GaiP.1yNy well layer. This also confirms the
quantum confinement effect of the well. However, for the highest In- and N-
containing SQWs (x = 0.135, y = 0.071), the intensity of PL main peak is rapidly
decreased. The cause of a large reduction of the PL intensity may be owing to the

rising of non-radiative defect density, which is related to the incorporation of In and N.

(4) PL results demonstrate that the InyGai«P1yN,/GaP SQWs exhibit the
luminescence in the visible-wavelength region (yellow to red emission). Particularly,
there are strong luminescence in the In,GaiP:1yN,/GaP SQWs with lower
compositions of (x = 0.050, y = 0.025) and (x = 0.080, y = 0.048).

(5) The conduction band offsets (AE;) of In,Ga;.«P1yNy,/GaP (x = 0.050 —
0.135, y = 0.025 — 0.071) SQWs are examined to be 270 — 490 meV. These values
indicate the large barrier height for an electron confinement in the InGaPN/GaP
quantum structures. However, for the highest In and N incorporating SQWSs
(x =0.135, y = 0.071), although its.conduction band offset is as high as 490 meV, the
PL and PLE results show the low emission intensity which is caused by the large
number of non-radiative defects. This means that these non-radiative defects are
possibly related to the In and N. Therefore, the incaorporation of In and N for
achieving the bandgap in the red region of visible-wavelength is limited due to an

insufficient crystal quality of the well layer.

Based on our results, the quantum confinement effect in these lattice-matched
InyGa1xP1yNy/GaP SQWs is confirmed. The optical transition energy can be
engineered by tuning the well-widths and compositions in the InGaPN quantum well

layer. The decreasing of well-width causes the emission in higher transition energy
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580 590 600 610 620 630 640 650 660 nm
2.14 2.06 2.00 1.94 1.88 eV

composition|  y =(0.050, | x =0.080, x = 0.135,
well-width y =0.025 y =0.048 y =0.071
bulk 2.084 1.949 1.877
6.4 nm 2.102 1.959 —
3.2nm 2.112 1.960 —
2.4 nm 2.118 2.011 —
1.6 nm 2.123 2 046 1.945

— no emission or emission in very low intensity

Table 6.1: The transition energies obtained from In,Ga;..P1yN,/GaP SQWs as
well as the bulk films, and the light spectrum in the yellow to red emission region

is also shown.

whereas -the increasing of In_and N.concentrations. effects the emission in lower
transition energy. However, the increasing of In and N concentrations in the well
layer are limited by the degradation of crystal quality. The transition energies of all
the In,Gai«P1.yNy/GaP SQWs as well as the bulk layers are summarized in Table 6.1.
Hence, the lattice-matched InGaPN/GaP SQWs with transparent substrate has the
promising for optoelectronic device applications such as light emitting and laser

devices in the yellow to red emission region.
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APPENDIX A

Contributions from this thesis to the field

The MOVPE growth samples that have been used in this thesis, were prepared
at Prof. Kentaro Onabe’s laboratory, the University of Tokyo by Dr. Nobuhiro
Nakadan and Dr. Tokuharu Kimura. The photoluminescence and photoluminescence-
excitation measurements were also performed at Prof. Kentaro Onabe’s laboratory, the
University of Tokyo.

| took the raw data from PL and PLE measurements and did the calculation
and analysis in Thailand. I participated during the HRXRD measurement at the
Scientific and Technological Research Equipment Centre (STREC), Chulalongkorn
University. | did the simulation and analysis of the obtained HRXRD results. |
performed the optical microscopy at the National Metal and Materials Technology
Center (MTEC) and interpreted the obtained results. I summarized all results,

concluded the work and wrote two following international scientific papers.

Paper 1: D. Kaewket, S. Tungasmita, S. Sanorpim, F. Nakajima, N. Nakadan,
T. Kimura, R. Katayama and K. Onabe, “Photoluminescence and
photoluminescence-excitation spectroscopy of InGaPN/GaP lattice-
matched single-quantum well structures grown by MOVPE”, (2007)
Journal of Crystal Growth, 298, 531-535.

Paper 2: D. Kaewket, S. Tungasmita, S. Sanorpim, R. Katayama and K. Onabe,
“Visible photoluminescence from InGaPN/GaP lattice-matched single
quantum well structures grown by MOVPE”, (2007) Proceedings of the
2" |EEE International Conference on Nano/Micro Engineered and
Molecular Systems, 695-700.
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Moreover, | attended and presented my works in 6 Conferences, as following:

1. “Photoluminescence and photoluminescence-excitation spectroscopy of
INnGaPN/GaP lattice-matched single quantum well structures grown by MOVPE”
13" International Conference on Metal Organic Vapor Phase Epitaxy
(ICMOVPE 13), Miyazaki, Japan, May 22-26, 2006. [Poster presentation]

2. “Visible photoluminescence from InGaPN/GaP lattice-matched single quantum
well structures grown by MOVPE” The 2™ IEEE International Conference on
Nano/Micro Engineered and Molecular Systems (IEEE-NEMS 2007), Bangkok,
Thailand, January 16-19, 2007. [Oral presentation]

3. “Red emission from InGaPN/GaP lattice-matched single quantum well structures
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Abstract

IngpseGagom Posrs Nogas/GaP  lattice-matched single quantum wells (SQWs) have been grown on GaP (001) substrates by
metalorganic vapor phase epitaxy (MOVPE). Low-temperature (10 K) photoluminescence (PL) and PL excitation (PLE) measurements
for the varied well widths (Lz = 1.6, 2.4, 3.2 and 6.:4nm) have been revealed to confirm the quantum confinement by the well. Comparing
with the bulk layer, the PL peak position blue shift amounts to 7TomeV for the narrowest well of Lz = 1.6 nm. On the other hand, the
PLE spectra have shown the blue shift of the fundamental absorption edge to 2.17eV for Lz = 1.6nm from 2.06¢V for the bulk. The
blue shift is about 110 meV. In these samples, the PLoand PLE blue shifis are believed to be predominantly determined by the quantum
confinement effect to the well. Further results show a high-temperature PL has been far more enhanced than in the bulk due to the large

conduction band offset AE,.
© 2006 Elsevier B.V. All rights reserved.

PACS: 78.55.Cr: 78.67.De; 8L13.Kk

Keywords: Al. Photoluminescence (PLY-Al. Photoliminescence excitation (PLE); A3. MOVPE: A3. Single quantum wells; Bl. HI-Penitrides:;

B2, InGaPN alloy

1. Introduction

InGaPN is a novel material thal can be lattice-maiched
to GaP [1], with a narrower bandgap than GaP. It 15 well
known' that the N incorporation drastically reduces the
bandgap energy in the InGaAsN alloy, with the majority of
the reduction resulting from lowering of the conduction
band [2,3], and hence the similar effect is expected in the
InGaPN alloy with N incorporation. Moreover, the
InGaPN alloy 1s an alternative of the GaPAsN alloy
that gives a high optical guality quantum well with the
lattice-matched GaPAsN/GaP heterostructure [4,5]. These
make InGaPN interesting for a well material with a large

*Corresponding author, Tel.: +6622185110.
E-mail address: Sakuntam.Sia@chula.ac.th (S, Sanorpim).

(MF22-0248/8 - see front matter ) 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/).jerysgro. 2006.10.221

barmrier height for an electron confinement in the InGaPN/
GaP quantum structures. The In Ga;_ Py N, /GaP lat-
tice-matched quantum well (QW) 1s expected to be
an advantageous for laser material in the visible wave-
lengths.

In spite of the extremely low solid-solution miscibility,
we previously reported that nearly 8.7% of N content (v)
has been successfully realized in the InGa_.Pi_,N, (x =
0.17) alloy layers by metalorganic vapor phase epitaxy
(MOVPE) [6,7]. In this study, based on such growth
conditions, IngpssGapoaPoarsNoges /GaP lattice-matched
single quantum well (SQW) structures have been grown.
Photoluminescence (PL) and PL excitation (PLE) measure-
ments for varied well thicknesses have revealed the
transitive nature of exciton localization and quantum
confinement.
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2. Experiments

The MOVPE growth of InGaPN/GaP lattice-matched
SQW structures was carried out at low pressure (60 Torr)
using tnmethylgallium (TMGa), trimethyhadium (TMIn),
PH; and 1,1-dimethyhydrazine (DMHy) as the Ga, In, P
and N precursors, respectively, Hz as the carnier. After the
growth of a 0.3 pm-thick GaP buffer laver at 710°C, a thin
InGaPN well layer and a GaP cap layer were, respectively,
grown at 635°C. The well widths (L) were controlled to
be 1.6, 2.4, 3.2 and 6.4 nm for the different samples. A bulk
InggsaGag oas PoorsNogas layer without GaP cap was also
prepared for a comparative study. The growth parameters
such as V/1I ratio, DMHy flow rate, 1.e., were based on the
growth of the InGaPN bulk layers deseribed elsewhere in
Refs. [6,7]. The alloy compositions (x and v) and the well
thicknesses were estimated from the bulk growth using
high-resolution X-ray diffraction (HRXRD) and second-
ary ion mass spectroscopy (SIMS). A detailed description
of the composition examination can be found in earlier
work [6,7]. The optical properties of the SQWs were
investigated by PL and PLE measurements. The PL
measurement was carried out wsing CW excitation at
power density of 1.0 W/em? from the 325 um line of He-Cd
laser. The PLE measurement was performed using mono-
chromatic light dispersed with a 0.27 m monochromater
from a 500 W Xenon lamp.

3. Results and discussion

Fig. | shows low-temperature (LT, 10K) PL spectra of
]I'lg]_g]s{,GEl:]_g:u]’g]_e_)?sN:]_nzsr-'rGHP lattice-matched SQ“IS with
well widths of Ly = 1.6, 2.4, 3.2 and 6.4nm, as well as the
]I'lg]_g]s{,GEl:]_g:u]’g]_e_)?sN:]_nzs bulk Iayer. The He-Cd laser 325-
nm line with 1.0 W;’(:m2 excitation power density was used

InCaPN/GaP SQW B

(In=35.6%, N=25%)
He-Cd 325 nm
K

e)ly =1.6nm

d) Ly =24 nm

PL intensty (arb. mnits)
-
T

a c)lz=32nm
xQ b) Lz = 6.4 nm
|x|l| |||||||I|||i|5| | by 11
L6 1.8 pA] 22 4

Photon energy (eV)

Fig. 1. Low-temperature { 10K) PL spectra for the IngpssGagassPysss
Magzs [ GaP lattice-matched SQWs as dependent on the well width Lz, as
well as for the bulk Tng gssGag seePosrsNoges layer.

under a weak excitation regime. All the samples show
bright and broad luminescence in the red region. The broad
PL peak in the bulk layer 1s typical mm InyGay_y
Py Ny /GaP [6,7] and GaPy_,N,/GaP [8-10] as well as
GaPy_ ., AseN, /GaP [4,5], and such luminescence ocours
at the density of states tails due to the weak localization of
excitons. PL pedk of ll'.l.g]_{]s.b Gil.g]_944]’{]_9751\10_{125.,!621]) |Ellli0€-
matched SQWs shifts to higher energies with narrower
wells. This might be attributed to the quantum confinement
by the well.

From the LT-PL spectra of the IngpseGageasPogrs
Npg2s/GaP lattice-matched SQWs displayed in Fig. 1b-e,
it is not difficult to see that the PL peaks contain several
sub-peaks with different relative intensity. The solid line in
Fig. 2 is the 10K-PL spectrum of the IngpseGagods
Py orsNoges/GalP lattice-matched SQW with Lz = L.enm
which exhibits three distinct spectral features, denoted by
arrows. The dotted line i1s the numerical derivative (with
respect to photon energy) of the PL data. The peak or sub-
peak positions of the three features were accurately
obtained from the zero-crossing (A and B) and an
inflection point (C). It is found from Fig 1 that an extra
peak (feature A) appears at higher-energy side of the main
peak (feature B) when the well width Lz is about 3.2 nm or
narrower. Nevertheless, the feature A grows up and shifts
toward the higher energies with decreasing Lz. Comparing
with the bulk layer, the peak position of feature A blue
shift amounts to 76meV for the namrowest well of
Ly = L6nm, and 1s much consistent with the quantum
confinement by the well. On the other hand, the weaker
blue shift for the feature B with decreasing Lz might be
mterpreted as the decrease of N concentration in the well.
For N concentration (y) nearly 2%, the average distance
between the N atoms is about 1.3nm [4], which 1s
comparable with the width of the narrowest wells

(R LA AE L LN LR LR ALY ALY AL LR R LR
InGaPN/GaP SQW — PL

In=56%,N=2.5%) == Derivative
| 10K

PPL intensity (arb. mnits)

TR AT AR EATIVRTTRTR FRRPTTONN
18 1.9 0 21 12 23 14
Photon encrgy (eV)

Fig. 2. Low-temperature (10K} PL spectrum for the InggssGagesPosrs
Mages/ GaP lattice-matched SQW having a well width of l.6nm. The
dotted line is the numerical derivative of the PL data (solid line) yielding
the energies (A, B and C) denoted by arrows.
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(Lz = l.onm). Thus, the N concentration in the well near
the interfaces with the GaP barriers is expected as
somewhat lower than 2.5%. The additional peak at the
lower-energy side (leature C) may be attributed to the
significantly localized excitons at N-related states.

Fig. 3 shows the 10 K-PLE spectra monitored at 1.89 eV
for the Iuo_osﬁG'do_q:;_-;Po_qj.'sNo_ﬂzs;"'GaP SQ\-VS as a function
of Lz. In the bulk layer., a broad absorption band at
2.06—240¢V and a weak absorption edec at 2.86¢V are
clearly distinguished [6]. It should be noted that these
leatures are similar to those in the GaPy e yAs, Ny (x =
0.02) [5] and GaP_,N, (x = 0.014) [8-10] bulk layers, and
are attributed to the isolated-N (A-line) absorption and to
the direct-gap absorption edge. respectively. In the SOWs,
the PLE spectra have shown the blue shill ol the
fundamental absorption edge to 2.17eV for Lz = Lonm
from 2.06 eV for the bulk. The blue shilt is about 110 meV
for the narrowest well with Lz = L.6nm. and is probably
due to the quantum confinement in the well. In addition, a
sharp rise of absorption at 2.86eV is not by the well but by
the direct-gap absorption of the GaP barriers. This implies
that, for the excitation energy higher than the direct-gap
energy of GaP, the PL emission would be governed mainly
by carriers generated in the GaP barriers and subsequent
carriers transler to the InGaPN well.

In Fig. 4, the LT-PL and PLE spectra shown above are
collectively shown at the near-band-edge region. It is found
that the PL sub-peaks B and C are associated with the
band-tail states which are much lower in energy than the
PLE absorption edge. On the other hand, the PL sub-peak
A for the narrower wells (Lz=3.2nm) is identical in its
energy to the PLE absorption edge. This evidence
demonstrates that the PL peaks B and C are due to the
localized excitons whose spatial extent is shorter than the
well width. Therefore, the weaker blue shift ol these PL

sub-peaks can be understood -as the decrease of N
A a e L e L L e AR
10 K !
N L=
Adline 1 |6 nm
24 am \
o 32nm
= 6.4 nm
=
5
=
2
£
InGaPN/GaP SOW
(In=35.6%, N=2.5%)
[N R TR F AN A RRTA RTRTR RN TR AR TRRTNTA ARRTRRNTRI NRTHE IRATH|
20 2.2 24 26 28 3.0 32

Excitatien energy (eV)
Fig. 3. Low-temperature (10K} PLE spectra for the InggssGagasPoors
Naazs/GaP lattice-matched SQWs as dependent on the well width Ly, as
well as for the bulk InggseGagwaPagrsNaoas laver.

Ly=1.6nm

PL intensity (arb. units)

1.9 2.0 21 22 23 14 x5

Photon energy (eV)

Fig. 4. Low-temperature (10K} PL and PLE spectra at the near-band-
edge region for the InggssGagawPaarsNogas/GaP lattice-matched SQWs
as dependent on the well width Ly, as well as for the bulk
Tng 955 Gitg asaPoars Ny g2s layer. The arrows indicate the main (feature B)
and the extra (feature A) peaks of the PL spectra.

coincentration in the well. Since, these PL sub-peaks have
shown less sensitive to the well width. From the energy
difference between the absorption edge of PLE and the PL
peak energy, we can expect the extra PL sub-peak A is due
to less localized excitons, as will be described later.

Fig. 5 shows the PL spectra for the InggssGagoss
Po.g7sNoms/GaP SQW with Lz = 2.4nm as dependent on
temperature. The temperature-dependent PL shows some
charaeteristics “generally observed for the InGaPN/GaP
SQWs-as lollows: (i) The PL sub-peaks B and C is in
agreement with a temperature dependence of the strongly
localized luminescence. (11) The emission intensity of the PL
sub-peak A is quenched completely at about 80 K. This
confirms that the leature A is attributable to a less-
bounded exeiton recombination.

The natural log of the overall integrated PL intensities of
the SQWs is plotted as a [unction of temperature, shown in
Fig. 6, together with that of the bulk layer l'or comparison.
With an increase in temperature. the overall integrated
emission intensity of the PL spectra gradually decreases,
indicating the presence of a large density of non-radiative
recombination centres. This behaviour corresponds to the
thermal activated non-radiative recombination mechanism.
The PL emission {elliciency) can simply be described by a
model involving non-radiative process [11], g(T)=
[1 4 (Puo/ P expl—E, /kpT)]~". where kg is the Boltz-
mann constant, T is the sample temperature. Py, /P, is
effectively the ratio of non-radiative ( Py, to radiative (Py)
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mnereased with decrensing L, as shown in Fig. 6. Bused on
1L13 PLE results, &t is fowund that  the wvalues of

E,=-200-250meY are i an agreement well with the energy
dll‘l‘n.rmm between the PLE absorption edge of the
T s Citpass Prors Mo os bulk (~2.09¢V at 10K) and the
handgap of CalP (2,34¢V), which amounts to 230meV, [ s
also expected hy calculation [1213] that the most part of
the bundgap difference contnbules to the conduction-band
ollkel AE,. Therefore, the E, valws for SQWsz are
considered a5 coming form the GaP harmer height for the
carrer over flow from the quantum well, while For the bulk
i fromn the Toclization energy of the bound excitons, These
resulls demonstrate an cllicient  carmner conlinement,
which is realized in the lattice-matched  Tnggg G g
Py g sM ey /GaPSQWs with a large conduction band oflsen
AL 200250 meV, giving the highly efficient PL at higher
1EmMperiiures.

-4, Conchusions

Tnanss Critg sgaPaoms Manzs/CaP  Iattice-matehed  SOW

~slruelures were successfully grown by MOWVPE, LT-PL

and PLE resulls for the SOWs with varied well widths have
been reveuled 1o confirm the quanium confinement by the

Fig. 5. PL spoctrn for Ipos GousesPayas Naues [CaP dnrkes- ““”‘*"“"N"f well. Comparing with the bulk layer, the PL peak position

Ly = 24 nm) as dependent on temperature, J &

m,51-1171,-:,,..|....,....|,

L

e ST —— & 3
w
E
:
'g It InCaPdlnaf 6f, Na2 5%
E ~0r bl Pa- 175 makl
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Fig. 6. Integruted PL intensity of for Tna maGaasuPaan™omsGal
latie- nmibchedd 3OWs & dependent on tenperature. A thooretical Bliing
gives the nerivavion energies Fy=1T8meV for the bulk Byer nnd
Ey =200 230meV for the SOWi

recombination probability for the loss mechanism, The
hest fit above 145 K yields the non-radiative recombination
of Pgo/ P~ 10"~ 107 and the activation energy (£,) values

~and the fundamental absorption edge of PLE bue shift

amounts 1o 76 gnd 110 meV, respectively, for the narrowest
m-ﬂ nI' f.z-' Lonm. In these samples, the blue shifls are
beheved to be predomimantly delermined by the quantum
confinement eff#cn 1o the well. The d-.ru.ndcn:u on
temperature @f 1the PL spectra from the bulk and the
SOWs mdicales the presence of the Jocalized excilons wnd
the carrier over flow from the quantum well, respectively,
The lurger activalion energies (£ m the SOWs are due 1o
the Jarge conduction band offzer AL (200250 meV).

Acknowledgements

The_authirs express special thanks 1o Y. Shiraki for
providing research facilities a1 Research Center for
Advancsd Science and Techoology (RCAST), The Lni-
versity ol Tokvo The suthors would hke 1o acknowledge
5. Kohand S Ohtake for thelr technical suppon. This
work has been supported by Thailand-Japan Technology
Transfer Project-Overseas  Econome Cooperntion Fund
(TITTP-OECF). the Grant for Development of New
Faculty St1aff {m Chulalongkorn Universityland Graduate
school, Depurtment of Physies, Fucully ol Sewence,
Chulalomgkorm University

Referemees

[1] K, Onabe, T. Kimam, M. Nakadan, J. W, Y. Ito, 5. Yoshida, J.
Eikama, Y. Sk, Presenbed at IOCUH13TEVGE-1 L Kyote, 2001,

[ M Kondow, T. Kimeani, 8 Sokasaks, MO Lorson, K. Maksham,
¥, Yazawa, M. Okxi, IEEE 1, Scloct. Topics Quantum Electron. }
17 T8,



74

D. Kaewket et al. | Jowrnal of Crystal Growth 298 (2007 ) 531-535 535

[8] S. Miyoshi, H. Yaguchi, K. Onabe, R. Ito, Y. Shiraki, Appl. Phys.
Lett. 63 (1993) 3506.
[9] S. Miyoshi, H. Yaguchi, K. Onabe, Y. Shiraki, R. Tto, Jpn. J. Appl.
Phys. 36 (1997) 97.
0] H. Yagushi, S. Miyoshi, G. Biwa, M. Kibune, K. Onabe, Y. Shiraki,
R. Tto, J. Crystal Growth 170 (1997) 353.
[6] S. Sanorpim, F. Nakajima, R. Katayama, Lambkin, L. Considine, S. Walsh, G.M. Oconnor, C.J.
K. Onabe, Y. Shiraki, Phys. Stat. Solidi (c ) (7) 2003) 27 gh, T.J. Glynn, Appl. Phys. Lett. 65 (1) (1994).
s i, K. Onabe, Solid State Electron. 41 (1997) 267.

[7] S. Sanorpim, F. Nakajima, R. Katayama, Jakadan, T. Ki
K. Onabe, J. Crystal Growth 275 (2 Q 5-H. Wei, A. Zunger, Phys. Rev. B 56 (1997) 10233,

[3] M. Kondow, K. Uomi, A. Niwa, T. Kitatani, 5. Watahiki, Y.
Yazawa, Jpn. J. Appl. Phys. 35 (1996) 1273,

[4] G. Biwa, H. Yaguchi, K. Onabe, Y. Shiraki, J. Crystal Growth 195
(1998) 574.

[5] G. Biwa, H. Yaguchi, K. Onabe, Y. Shiraki, Mater. R
482 (1998) 173.

AONUUINYUINNS )
ANRINITNINENAY



75

APPENDIX C

International proceeding

Proceadngs of the 2nd IEEE Inematonal
Conference on NanolMico Enginasred and Molaoular Sysiams
January 16 - 18, 2007, Bangkok, Thailand
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Abstract—  Optical propertics of InGa, P NJGaP lattice-
matched single quantum wells (SQW s with different well widths
(Ly=1.6- 6.4 nm) at different In (x = 0,050 - 0,135) and N (p =
0025 - 0.071) concentrations have been investigated by low-
temperature photoluminescence (PL) and PL-excitation (FLE).
The PL spectra showed the strong visible emission from the
samples which attracted to a varicty of optoclectronic device
applications such as light emitting and laser diodes. Comparing
to the bulk film, the PL peak position and the fundamental
absorption edge of PLE spectra exhibit blue-shift, which
correspond  to the principally determined by the guantum
confinement effect to the well Comparison between the
absorption edge of PLE spectra and the finite sguare well
calculation demonstrate that the cffective bandgap conergy of
InGaPN/GaP system is might be originated from the N-related
localized states, With increasing N concentration, the PL peak
position exhibits red-shift,  which is dee to the lowering
conduction band edge of InGaPN. On the other hand, the
integrated PL intensity is significantly decreased for the SOW
with higher In and N concentrations, This probably caused by
the larger number of non-radiative process which associaed to
N-induced trap states,

Keywords-  In€aaPN;  metalorganic  vapor  phase  epitaxy
(MOVPE);  photoluminescence (PL);  photoluminesce nee-
excitaiion (PLE); single quantum wells (SOWs)

L INTRODUCTION

InGiaPN is a novel material that can be latice-matched to
GaP, with a naveower band gap than GaP [1]. The material is of
interest for a variety of high-brightness light-emitting and laser
applications  such a5 automotive  lighting, optical media
reader/writer, billboard, media display panel and traffic lights,
etc. It is well known that the incorporation of N drastically
reduces the bandgap energy with the majority of the reduction
resulting from the lowering of canduction band, as in the case
of ImGaAsN [2]."Although InGaPN is an indirect bandgap
semiconductor, since the GaP which is the majority material is
the “indirect bandgap semiconductor. The InGaPN/GaP
structure can be invented for optoelectronic devices, like
GaPM/GaP and GaPAsN/GaP structures. In the late 1960s,
Thomas and Hopfield discovered the M isoelectronic trap in
GaP:N for low N concentration (-~ 10t 1:m"1’) [3], which led this
structure to fabrication of high-efficient green light emitting
diodes (LEDVs) [4. 5]. This phenomenon causes by the
producing of localized MN-related trap states in the bandgap

This project was fisnded by Tha fand-Japan Technology Transfer Projecs
herseas Fronomic Cooperation Fund (TITTP-0ECFE), the (Gramt for
Development of New Faculty Staff for Chidelonglbom  Unbersing  and
Dgpartment of Physics, Faomly of Selence, Graduate School Chulalongkorn
Ulniveraty.
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which lower than the indirect bandgap energy level of GaP. As
a result, the carriers are attracted by these strong localized
states and then recombination. These make the GaPN and
GaPAsN materials to be the quasi-direct semiconductor with
lowering the effective bandgap. The same effect is expected for
InCiaPN material. These introduce the InGaPN/GaP structure
as an alternative heterostructure with a large barrier height for
an  electron  confinement o the InGaPN/GaP gquantum
structures, and exhibit higher characteristic temperature for
laser application. V. A. Odnoblyudov er al reported that the
conduction band offset (AE:) of this structure is about 223
meY which much larger than the commercial AllnGaP/GaAs
structure (75 meV) [6].

Due to the limit of the extreme immiscibility which is the
characteristic of the II-II-V-N tvpe alloys, it is well known
that the high quality InGaPM layer with high N content is
difficult to grow. Thus, it is also a challenge that how far the N
atoms can be incorporated in the InGaPN alloy. G. Biwa er al,
reported on the metalorganic vapor phase epitaxy (MOVPE)
growth of high quality GaP N, films with N content uptoy =
G023 at velatively high prowth temperature [7]. Based on such
growth conditions. the In/Ga N, lavers (0 = x = 0.176 and
0=y = 0.087) were successfully grown on the GaP (001)
substrates [R, 9]. The successful growth of the lattice-matched
InyGiay 1Py Ny layer with the N content as high as y = 0.071
was demonstrated. However, only little information about
optical properties of the InGaPN/GaP heterostructure has been
reported nowadays [6]. In this work, luminescence properties
of InGay, PN, GaP lattice-matched single quantum wells
(SQWs) which various well-widths and In (x = 0,050, 0.080,
0.135) and N (v = 0.025, 0.048, 0.071) concentrations have
been investigated by low<temperature photoluminescence (PL).
Structural characterization has been done by high-resolution X-
ray diffraction (HRXRD). We have also investigated the
confinement ) effect) in AnGay Py, NyGaP  lattice-matched
SOWs by PL-gxcitation (PLE) measwements and used the
finite-depth single-square well mode in evaluation.

1. EXPERIMENTS

All the InGay Py, N/GaP lattice-matched SQWs and the
In,Giay, 'y, N, bulk lavers used in this study were grown on
GaP (001) substrates by MOWVPE, using trimethylgallium
(TMGa), trimethylindum  (TMIn), PHy and 1,1-
dimethyhydrazine (DMHy) as the Ga, In, P and N precursors,
respectively, Hy as the carrier gas. After the growth of the



T | T T T T | T T T T |
| InGaPN/GaP SQWs
L x=0050, y = 0.025

"N\, : ih Lo nm
E T rr—Y
43

i L
| :M :
% L, =24 nm
.r'uz‘_lr TTE T

.2 nim

L, <3

F T

XRD intensity (arb. units)

dnulimh w

70.0

69.5

T N A N T

68.0 68.5

69.0
20/@ (degrees)

Figure 1. HRXRD patterns of the InGaPMNGaP 80Ws with sindlar In and N
concentration (x = 0.050, ¥ = 0.025) and different well widths {solid lines),
as well as the simulation | dotted lines).

around 0.3 pm-thick GaP buffer laver at 710°C, a thin InGaPN
well layer and a GaP cap layer were respectively grown at
635°C. The well-width and composition of the In/Gay Py N,
well layers, which are nominally lattice=matched to GaP, were
controlled to be Lz = 1.6- 64 nm and x = 0.050 — 0.135 and ¥
= 0.025 - 0.071, respectively. The In,Gay,Py,N, bulk layers
without the GaP cap layer were also prepared for a
comparative study. The growth parameters such as V/11I ratio,
DMHy flow rate, were based on the growth of the InGaPN
bulk layers described in elsewhere [8, 9]. The well-width and
the composition of single quantum wells (S0Ws) were
determined by high=resolutionXeray diffraction(HRXRD)
measurement via the dynamical-theory simulation software.
The optical experiments at low temperatire (100 K) were
carried out using PL and PLE spectroscopes. PL measurement
was performed using the 325 nme-line of He-Cd laser (1.0
chmz) ag the excitation-sources P LE-measurement wassdone
using . monochromatic | light dispersed with a 0.27 m
monochromator from a 300 W Xenan lamp.

Il RESULTS AND DISCUSSION

A. Effects on well-width variation

All the samples were examined by HRXRD in order to
determine the well-width and composition and check the
structural quality. The (004) 26/m-scan HEXRD patterns of the
I s G 930Pa s75 Nosos/GaP SQWs with various well-widths
(L7 = 1.6 - 6.4 nm) are shown as in Fig. 1. The main sharp
diffracted peak at the angle of 68.8° is comresponded to the
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Figure 2. Low-temperature {10 K) PL spectra for InGaPN/GaP SOWs (x =
0050, ¥ =0.025) with different well-widths Lz = 1.6 — 6.4 nm a5 well as the
bulk layer.

reflectionfrom the (004) GaP and the additional diffracted
peak at the lower angle is corresponding to the (004) InGaP.
The existence of InGaP is due to the diffusion of a small
amount of In (x - 0.5%). which is existed in the growth
system, mto the GaP buffer laver during the growth. The
distinct Pendelldsung fringes indicate the finite thickness of
the (In)GaP buffer layer (300 nm). This indicates that
structural  quality of  IngessGagesaPasns™No ae/GaP lattice-
matched SOQWs were successfully grown. The dynamical-
theory simulation results are also displayed as the dotted
curves dn-Fig. 1. The good agreement between the simulated
amd experimental data indicates that the
Ing aseiag osPo osNo o2 o’'GaP | lattice-matched SQWs  with
excellent crystal quality and fairly flat interfaces have been
grown on the GaP substrate.

As shown i Fig. 2, the 100 K-PL spectra for the
carresponding Ing gaCagenPs sneNgoreGaP SOWs with various
well widths (L = 1.6 - 64 nm) together with the
Ing geCiatg oy e1sNag2e bulk film, The emission from the
Ing wseCiae el ersNagreGal' SQW s with narrower well-widths
is shifted to higher energies. The PL also shows an evidence of
the strong light emission in the visible (L = 560 — 680 nm)
region. Compare to the bulk film, the PL peak position and the
fundamental absorption edge of PLE spectra (see Fig. 4a)
exhibit a blue-shift, which is much consistent with the
quantum confinement by the well. Maoreover, it is found that
an extra peak appears at higher-energy side of the main peak
when the well-width is abowt Ly = 3.2 nm or narrower.
Mevertheless, this feature grows up and shifts toward the
higher energies with a decreasing of well-width. Since, for the
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b Dependence of the peak position and the well width for fie InGaPRGaP SOWs {x = 0L050, v = 0.025) with various well-widths.

N concentration close to v = 0.02, the aveérage distance
between the N atoms is abouwt L3 nm (L0} which is
comparable o the width of the narrowest well (L7 = 1.6 nm).
Thus, the N concentration in the Ingga(Gas sl aerstNy e well
near the interfaces with the GaP barrier is expected as
somewhat lower than y =0.025. As a result, the splitting of
this PL sub-peak might be caused by the recombination of
localized excitons due o0 the well-widih-fluchiations, which
are induced by random distribution of the N atoms within the
well.

As seen from the 10 K-PL spectra as i Fig. 2, the PL
spectrum contains several sub-peaks. A quantitative fit to the
PL spectra, by assuming a Gaussian distribution of the density
of state, has been utilized to accurately evaluate their own
energy peak positions. An example of the fitting procedures is
shown in Fig. 3a forthe SOW with well-width pf -6 nm. The
evolution of all these PL sub-peaks related to well-width
shown in Fig. 3b. The progression.of the PL ‘sub-peaks
denoted as A, B. C and D are attributed to the quantum
confinement by the well. The small difference of the blue-shift
of sach™PL sub-peak might be owing to the-different in’the
effective mass of the localized exciton which depends on'the

TABRLE . PARAMETERS USED IN THE CALCULATENN [ 13]

Binary Luttinger parameiers Electron
materials effactive
b ¥z mass
(o)
GaP 405 4% 613
[nP 508 1.60 013
GalN 257 0n7s 008
InN T2 1.26 02

trapping defects. We do not have sufficient evidence here to
clarify the origin of these emissions. However, the A, B, C and
D sub-peaks indicate that there are four different emission
bands. These PL emissions are most likely as a result from
localized defect states form near the conduction band in the
InCiaPN material [8, 9:.11].

Next, we focus an. the quantum well characteristic of the
movel InGalNGaP structure, which we have proposed [1].
Adding In into GaP, resulting an increasing of the lattice
constant in InGaP alloy. On the other hand, adding N to GaP
results in a decreasing of lattice constant in GaPN alloy.
InGGaPN can therefore be lattice-matched to GaP by adjusting
In and N concentrations. As a result, the finite-depth single-
square well model without the effects of hydrostatic strain can
be used o interpret the PL and PLE results obtained from the
latticesmatched - InGaPN/GaP SQWSs. Linear interpolation is
applied  to  obtain the  material  parameters  of
Ing gsaliag ssePo ensNagas alloy, Le., the electron effective mass
(m,) and Luttinger parameters [12]. All the input parameters
are summarized in Table |. To calculate the conduction-band
affset™y AAE the PLE absarption edge of
Ing saCiag asPp omsNagzs bulk layer (2.08eV) is used as the
effective bandgap of the InGaPN well-layer. The barrier
potential is determined by energy level of the indirect bandgap
of GaP (235 V). In addition, it is known that adding small
amount of N decreases the bandgap, which mainly affects the
conduction band {CB) states leading to a large AE- and only a
small valence-hand offsets (AEy) [6]. Thus, the value of AEy
can be approximated to be zero. in our case. Consequently, the
value of AE; is estimated to be about 270 meV,

For IngesGagesPassNoms well layer the heavy-hole
effective mass (mp) 15 giving by

mma = ma (71— 2yz) (1)
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The value of my, calculated in (1) is equal t0-0.33my The
exciton effective mass (m), which is obtaiped  from the
reduced mass, was estimated to be 0.09#;. For the GaP
barrier, the electron effective mass and the heavy-hole
effective mass are m, = 0.13m; and my = 033myg,
respectively. Thus, the exifon effective mass of the GaP
barrier was determined to-be 0.09m,, which is comparable to
that of the well layer.

Taking into account the exiton effective masses. we now
turn to solve the finite-depth single-sguare well problem,
without the effects of hydrostatic stram. Confined exiton
energies were calculated by numerically finding the root of the
following equations:

ortan =7 2)
3 2_2m|i' |[L2 1
and a*+f e \T (3)
_E,N2m } L, [2m|E|
where =5\ f“lfl"‘yf‘j e Y 5

Ly and m stand for the well-width and the exciton effective
mass in the confinement direction. £ is the energy of the state
in the well (see inset in Fig. 4b) and V is the barrier potential
{or band discontinuity, AE) Thus, the optical transition
energy (Er) can be written as

Er = E:.unimr,c;ar -E (4)

where Epre,capis the indirect gap of GaP (2.35 eV), Fig. 4(b)
shows the PL and PLE absorption edge as a function of well-

width together with the dependence calculated optical
transition energies from (4). The PLE absorption edge has the
same trend with the calculated optical transition energies,
confirming the guantum confinement effect by the well
However, the PLE ghsorption edges exhibit the lower in the
energy than the calculated optical transition energies. This
difference might be'dife to the difference in exciton effective
mass. It is known that in dilute III-V-M system, the electron
effective mass is significantly increased with incorporation of
N [14, 15]. However, in this work, we have calculated the
optical transition energies using the same value of the exiton
effective mass for the well and barrier layers. Particularly note
that, it is also include the behavior mass effect to explain the
well-width-dependence of the transition optical energies. On
the other hand, it is evidence that the PL peak positions are
much lower in the energy than the PLE absorption edges and
the calculated value of optical dransition energies. This
evidence implies that such PL emission might be originated
from the localized states which are attributable to the N-
related band edge fluctuation in the well.

E. Effects on compaositional variation

The experimental and simulated (004) HR-XRD patterns for
In,Gay Py N/GaP lattice-matched SOWs with various In and
N concentrations are illustrated in Fig. 5. The solid curves are
experimental results, while the dotted curves are the results
from the best fitting using dynamical-theory simulation
software, The fitted well-width of these SQWs was 1.6 nm. As
can be seen in Fig. 35, the lattice-matched In,Ga, Py, N,/GaP
SOWs were obtained with the fitted In and N concentrations
of (a) (x = 0.050, y= 0.025), (b) (x = 0.080, v =0.048) and (c)
(x = 0.135, y = 0.071). The Pendelldsung fringes from the
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Figure 5. HRXRD patterns of the InGaPN/GaP SOWs with similar well
width and different In and N concentrations. The lower curves ame the
sinm lation.

(InpGaP buffer layer in the SQW with the lowest In and N
concentrations (x =0.050, v = 0.025) are clear and have better
fitting results than those of SOWs with higher In and N
concentrations  showing | that  flatter hetero-interfaces are
achieved in InGaPN/GaP8QWs due to its smaller lattice
mismatch. The inferior interface fringe features is due to
crystal quality degradation caused by high N incorporation.
The degradation of the crystal quality might be due to the
compaosition  fluctuation of high N containing InGaPN
materials as relatively high growth temperature was-used.

The 10 K-PL spectra for the corresponding In,Ga, P,
M/Gal' SOWs with various In and N concentrations of () (x
= 0,050, v = 0.025)(b) (% = 0.080, v = (LD48) and (c) (x =
0.135, v = 0.071 ) were shown in Fig. 6. With increasing In and
™ concentrations whereas the well-width was fixed.-the PL
main _peak exhibits red-shift, indicating a. reducing of the
optical transition  energy which & due to the lowering
conduction band edge. Tt was found that the red-shift is
amounts to (.17 eV for the highest N-incorporating SQW
sample. Also, for the highest N-incorporating SOW sample,
the intensity of PL main peak rapidly decreases, owing
apparently to  the high-concentration of non-radiative
recombination centers in such a high N-incorporating SQW.
In addition, the sharp NN lines and their phonon replicas [16]
are clearly observed in all SOQWSs. The dotted guide lines
indicate the NN; lines which have an intense intensity, Le., A-
lime (231 V) and NMN; (2.26 eV). The A-line and NN, are
attributed to the recombination from the isolated N atom states
and third nearest neighbor N atom site state, respectively [16].
Unlike the PL main peak, these NNi lines still remain their
energy with incressing In and N concentrations. It is
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Figure 6. Low-temperature PL spectra for InGaPRiGaP SQWs with fixed Ly
= |.6nm and various In and N concentrations.

mierpreted that the PL main peak was emitted from InGaPN
well layer but the sharp NNI lines were emitted from the GaP
barrier due to the N atoms penetration during the growth. Thus,
the cause of a large reduction of PL intensity may be owing to
the rising of non-radiative defects, which are related to the
meorporation of M.

1V, CoNCLUSION

We investigated the optical properties of In,Ga, Py N/Gal
latticesmateched-SOW-structures with various well widths (Ly; =
1.6 - 6.4 nm)and different In (x = 0.050 - 0.135) and N (y =
0025 - 00Ty concentrations grown by MOVPE. Low-
temperature PL and PLE results for the lattice-matched SOQWs
with varied well-widths and In and W.concentrations have been
revealed too confirm the quantum-confinement by the well.
Comparing with the bulk layer, the PL peak position and the
fundamental absorption edge of PLE exhibit blue-shift for
SOWs with narrower well-widths and lower In and N
concentrations. These blue-shifts were interpreted using the
finite-depth single-square well mode which believed to be
predominantly determined by the quantum confinement effect
to the well. The highest In and and N concentrations in this
study is x = 0,135 and v = 0071, respectively, and its low-
temperature PL emission in the visible wavelength was clearly
observed. This result shows the potential for the fabrication of
a variety of high-brightness light-emitting and lasers on GaP
substrates.
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