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Chapter 1

Introduction

ic structure of semi has been ively interested in fab-
ricating new devices based on quantum confinement effects. It is well known that
electrons and holes cannot move freely and their energy states arc quantized in
a mesoscopic structure, in other words, quantum structure *). Modified energy
state in a quantum structure of semiconductor leads to optical and electrical
properties which are different from bulk semiconductor. This means that encrgy
state can be tailored for desired devices specification by controlling the structure
size and selecting suitable materials as having appropriate band structures. It
has been theoretically and experimentally shown that the threshold current of
laser diode(LD) with quantum well(QW) as an active layer is much lower than

that of conventional LD 2. Frequency fluctuations and threshold ct

Tent va

ations dependence on temperature can be stabilized by quantum cffects, because
the density of states(DOS) becomes sharper in the quantum structures **). The
change in DOS is especially remarkable in low dimensional quantum structures
such as quantum well wire(QWW) and quantum dot(QD).

Fabrication of quantum structures has employed mainly II1-V semiconductors.

Since 11I-V semiconductors are composed of two chemical elements, several va-
rieties of [II-V semiconductors can be made by changing the combination of

group 11l and group V clements. Furthermore, it is possible to make up alloy



semiconductors which are compound sofid solutions of more than two kinds of
semiconductors, Optical and electrical properties of alloy semiconductor can be
continuously changed by controlling compasition of group 111 and/or group V el-
bility

of properties are attractive for material selection. Another advantage of Ill-V

ements. From a view point of device application, large variation and fle

semiconductors is their band structurcs. They can be utilized for light-emitting

devices, since some of I1[-V semiconductors have direct band gap structures.

Thus far, lIl-V semiconductor QWs have been extensively fabricaled and in-
vestigated their optical and clectrical properties since novel growth techniques
were developed. There are two typical crystal growth techniques that can control
the interface as precise as monolayer(ML) order. One method is molecular beam
epitaxy(MBE) ® and another is organometallic vapor phase epitaxy(OMVPE) 7).,
Becanse the material composition is modulated along only one dimension in QW,
fabrication of QW is much casicr than other quantum structures.

Although MBE and OMVPE can control the composition in the growth di-
rection, it is impossible to change composition in a growth plane which means
that the fabrication of QWW and QD is considerably difficult. Some prepa-
rations Lo pattern a substrate surface must be involved before growth to make
quantum structures which have lateral confinement ability. For example, wet
or dry elching is required to pattern a substrate on which an epitaxial layer is
grown ®9. lon beam implantation is also used ', These methods, however,
bring contamination or mechanical damage induced during the surface process
stage. Moreover, the size of quantum structures fabricated by these methods is
limited by the spatial resolution of lithographic techniques or ion beam diameter
that is mostly sub-micro meter. Quantum effect is hardly expected by such a
large size structure. Another growth method of low dimensional structure called
fractional layer superlattice(FLS) were suggested '), FLS is a kind of QWW

iented substrate usi

structures and grown on mis step flow growth mode. By

growing epitaxial layer at the surface step, one can control the composition in
the lateral direction. However, this growth method is applied only for QWW.



Some experiments to make QD by growing on misoriented substrate have been
reported '), However, no expected results were obtained because appropriate
surface step structure for QI formation does not exist.

Another important problem in the present crystal growth techniques is lattice-

mismatch. In a lattice-mismatched system,

is known that epit:
not. grow two-dimensi but three-dimensi and then island is formed.

al layer does

The island formation is not desirable to control abrupt interface. Morcover, mis-
fit dislocation is generated when the epitaxial layer thickness exceeds the critical
thickness to releasc the strain accommodated in epitaxial layer . Since most of
misfit dislocations deteriorate the optical and electrical properties of semiconduc-
tor, the epitaxial layer for device applications should be free from dislocation. As
a result, selectivity of the epitaxial layer becomes very small once the substrate
is fixed. From this back ground, many works to investigate initial growth stage
of lattice-mismatched heteroepitaxy have been carried out. It is also investigated
that the suppression of dislocation generation by patterning the substrate ' 16
or of dislocation propagation by inserting strained layer superlattices '71%).

Although island growth becomes an obstacle to obtain smooth interface, this
three-dimensional structure can be used as a QD by changing point of view.
Our group have suggested the utilization of coherently grown island in lattice-
mismatched heteroepitaxy as a QD for the first time . Not only suggestion,
but also we have grown defect free nano-scale island and investigated its optical
property ). Merits of QD formation by island growth are followings:

1. QDs are formed without any complicated processes and free from contam-

ination.

2. Size of QD is as small as several hundred A , hence the spatial filling factor
becomes as large as 10lcm™2.

3. QD plane can be stacked casily.

Comparing QWW or QD, quantum effect expected from QW or superlat-

tice(SL) is not high, because carriers are quantized in only one dimension. How-

3



ever, A. Sasaki et al. has proposed a completely different type of quantum struc-
ture called disordered crystalline semiconductor to enhance quantum effect 2,
SL]
nprove the luminescence efficiency of indircct band
. AlGaAs and AlGaP 2%, In a d-S|

uent materials have a random arrangement in the layer thickness in con-

A disordered superlatt s an example of disordered crystalline semicon-

ductor and has ability to

such as Si .\ lwo

gap semiconducto

constif

trast 10 a i ordered i SL) in which the of

two materials are regularly ordered. The enhanced luminescence efficiency of d-
Sk has been discussed in terms of carrier localization induced by a disordered
material arrangement. The carrier localization caused by artificially disordered
structure is not only unique and interesting physical phenomena but also impor-
tant for device application. Especially, AIGaP has the largest band gap in the

blend d [11-V semi d expected for th ial of light-
emitting device of green Lo orange region(506~600nm). It is necessary to enhance
ilize for the light-emitting devices be-
cause of the indirect band gap. AIP/GaP short period o-SL using zone-folding
and band-mixing effects is one of the method to improve luminescence efficiency.
ted that band structure of AIP/GaP o-SL becomes

direct band gap 21, Some experimental approaches have shown the lumines-

the luminescence cfficiency of AlGaP Lo u

‘Theoretical prediction

cence from AIP/GaP o-SL . On the other hands, the former investigation of
AIP/GaP d-SL revealed that the luminescence intensities from d-SLs are several
times larger than those from o-SLs *). However, the luminescence wavelength
of pure green region was not realized due to type-1l structure. Since band gap
of AIGaP system is large enough to emit pure green light, further improvement
of luminescence efficiency and reduction of luminescence wavelength of AlGaP

semiconductor by d-SL structure are considerably stimulative.

The purpose of this thesis is to realize new quantum optical properties by new

approach of ic structures in i Two ic quantum

structures are investigated: 1) investigation of structure and quantum optical



property of self-assembled QD in InAs/GaAs lattic

natched heteroepitaxy
and 2) enhancement of luminescence effici
wavelength of AIGaP d-SL.

This thesis is constructed by eight chapters and divided into two parts by the

cy and reduction of s

kind of quantum structure. The first part is chapter 2~5 and is devoted to
the fabrication and characterization of QD by island formation of InAs/GaAs
lattice-mismatched heteroepitaxy. In chapter 2, the structure of

tial growth
layer of InAs/GaAs is characterized. The island shape and size are intensively
investigated by various techniques. Theoretical approach of island formation is
shown in chapter 3. The results become a guide for the selection of materials to
fabricate a sel(-assembled QD. In chapter 4, optical property of InAs grown struc-
ture is investigated to examine whether the island has a nature of QD. Chapte:
5 deals with the dislocati by i isoriented substrates.

The demonstration of dislocation suppression is shown both experimentally and
theoretically by calculating the strain encrgy in epitaxial layer.

The second part is chapter 6 and 7, dealing with AIGaP d-SLs. In chapter 6, the
period of AIP/GaP d-SL is changed and investigated the dependence of aptical
property on SL period. In chapter 7, AlL:Gay-P/Al,Gay_,P o- and d-SLs arc
fabricated to obtain enhanced luminescence of shorter wavelength. The results
of structural and optical characterization are described. Finally the conclusions
and some suggestions are summarized in chapler 8.
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Chapter 2

Growth of InAs on GaAs and

epitaxial layer structure

2.1 Introduction

Lattice-mismatched heteroepitaxial growths such as GaAsP/GaAs and In-
GaAs/GaAs have been widely studied 2. Especially InGaAs/GaAs has been
intensively investigated because InGaAs possesses high electron mobility and suit-

able band gap for optical communication devices.

Several researches on the structural characterization of InAs/GaAs have been
reported. Since reflection high energy clectron diffraction(RHEED) pattern can
be observed during MBE growth, i

on GaAs can be casily investigated as a function of InAs layer thickness *49.

situ, surface structure of InAs grown

Although the intensive investigation, we can oblain only surface structure from
RHEED. The quantitative island size nor existence of dislocation are not obtain-

able, On the other hands, transmission electron microscope(TEM) or surface

prove microscope such as atomic force microscope(AFM) or scanning tunneling
microscope(STM) observation can reveal such structural properties. However,
because the lattice-mismatching between InAs and GaAs is as large as 7.2%(see

Table 2-1), the change in growth mode and strain relaxation by mishit dislocation



Table 2-1 Lattice properties of InAs and GaAs ¥

clastic moduli(10"'dyn/cm?)

lattice constant(A) o o o
InAs 6.0583 8.329 4.526 3.959
Gahs 5.6533 1.9 538 5.99

wccur at very carly growth stage. Therefore most of previous reports on structural
characterization of InAs/GaAs investigated well-formed island, in other words,
the island formation process has not been clarified % Therefore, the dynamic
istand formation process has not been clarified. It is necessary to characterize
the structure of epitaxial layer where the epitaxial layer thickness is systemati-
cally changed to investigate the dynamics of island formation, because the island
formation process, island size, island shape and defect in island are important
problems for self-assembled QD '15).

In this chapter, the growth and structural characterization of InAs/GaAs is
described. The structural change of InAs grown on GaAs is investigated by
RHEED, TEM, and AFM where InAs layer thickness is varied. The size and
shape of island is measured from TEM and AFM images. The growth mechanism
of InAs on GaAs is discussed with oblained structural properties.

2.2 Growth procedure and experimental setup

InAs was grown by MBE for Il -V semiconductors. The MBE system used
in this study is ANELVA MBE-831 and is illustrated in Fig.2-1. It is composed of
three chambers; loading, exchange, and growth chambers. The utmost vacuum
pressures are 107, 10 and 10~ Torr for loading, exchange, and growth cham-
bers, respectively. Schematic structure of growth chamber is shown in Fig2-2.
Six Knudsen cells including two for dopant sources is attached in the growth

12
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Fig:21 Schematic illustration of MBE system used in this study.

Fig.2-2 Schematic illustration of the growth chamber.



chamber. 30kV RHEED observation system is available. The beam pressure is
monitored by ion gauge which is located near the substrate. Liquid nitrogen flows
continuously in the shroud during growth.

The substrates were CrO doped semi-
oriented. Substrates were degreased by organic solvent followed by etching in
H;504:H,0,:11;0=5:1:1 solution for Imin at 60°C. Etching was stopped by pour-
ing deionized water and the substrates were rinsed by flowing deionized water for
4
face is formed. The substrate were soldered with indium on molybdenum holder

sulating GaAs nominally (001) just-

further. In the rinse process, oxide film which protects the substrate sur-

and set in the loading chamber. Prior to the introduction of substrates into
the growth chamber, the substrates were baked at 350~400°C for Thour in the
exchange chamber, in order to suppress carbon contamination introduction into
the growth chamber. Then, the substrates were transfered to growth chamber,
and heated at 620°C to climinate the oxide film. The substrate temperature was
controlled by heater current, which is calibrated by the eutectic points of Au-
Si(370°C) and Al-$i(577°C). The main shutter was kept open and substrate was
cxpose to As flux to avoid As desorption. The elimination of oxide film was con-
firmed by RHEED observation, where halo pattern which is caused by the oxide
amorphous turned to normal diffraction pattern of (001) plane of GaAs. Even
alter halo pattern disappeared, the substrate temperature was kept 620°C for 10
min to eliminate the oxide flm completely, and then, was lowered to 580°C for
GaAs buffer layer growth. The GaAs buffer layer was grown 1000A to improve
The RHEED observation showed 2x4 streak pattern during
GaAs buffer layer growth. InAs layer was grown at 480°C. 100A single crystal or

surface flatn

amorphous GaAs cap layer was grown for TEM observation, while no cap layer
was grown for AFM observation. Typical sample structure is illustrated in Fig.2-3
and typical growth condition s shown in Table 2-2.

The growth rate was calibrated by RHEED oscillation technique 9. However.
the intensity of specular spol becomes weak abruply in the very early stage
of InAs growth on GaAs, since InAs grows three-dimensionally. Therefore. the

4



GaAs cap 100A

InAs

GaAs buffer 1000 A

GaAs (001) sub.

Fig:2-3 Typical structure of grown sample. 100A single crystal or amorphous GaAs cap
layer is grown for TEM observation while no cap layer is grown for AFM observation.

able 2.2 Typical growth condition used in this stu
growth temperature(°C) | growth rate(ML/s) | V/IlI
InAs 480 0.1~0.17 10~47
GaAs 580 0.69 3~5




growth ratc of InAs on GaAs cannot be measured by this method. We cstimated
the growth rate of InAs by those of InGaAs and GaAs, because In;Gai-zAs

is less than 0.2 grows two-dimensionally on GaAs for thick enough layers

sure RIEED oscillation period. One can estimate the growth rate of InAs

g the growth rates of InGaAs and GaAs by following equation:

Vions = Pinads = VGaas (1)

WHere, uan, Piuciatn: and UGaan represent the growth rates of InAs, InGaAs and

Gas, respectively, Also because of three-dimensional growth, the layer thickness

wsed in this thesis is defined as the product of growth rate and growth time, in

other words. "we grow xML of InAs” means that "we supply xML amount of In
and As atoms if the growth mode lasts two-dimensionally”.
AFM observatio

“The can

was caried out by SPI3700(Seiko Instruments Inc.) system.

ver type of "contact” and scan type of "topography” were normally
selected. TEM sample was formed by mechanical lapping followed by conven-
n milling. TEM images were observed by JEOL 2000EX system. The

voltage was 200kV. For plan-view observation, bright field images

under two-beam
diffraction spot of (220) or (220) was selected beside (000). Diffraction spots for

cross-sectional observations were sclected properly according to the purposc.

guration were taken except for especially mentioned. The

2.3 Reflection high energy electron diffraction
observation

Observed RIEED patterns during InAs growth are shown in Fig2-1. Two
clectron beam incidence directions. those are, [110) and {110] directions were
taken, since surface structures along [110] and 110] dircctions arc asymmetric in

zincblende structured semiconductors. Surface structure just after GaAs buffer

16



layer growth at 580°C i

“This means that the geowth i performed under As

stabilized condition. llowever ed into 2x3 when
the substrate temnperature was lowered to 430°C for the InAs growth. When 1M1,
till streak. Thus, the

of InAs grows two-dimensionally on GaAs. llowever. the diffraction spot observed

of InAs is grown, the RHEED pattern remains

al layer

from [110) direction changes from streak to spotty drastically at 1.8ML. From this
change, it is considered that the InAs island is formed around 1.8ML. One can sec
the spotty pattern with developed facet streak observed from [110) direction at
2ML. On the other hand, diffraction spot observed from [110] direction indicates
no facet pattern, though it is somewhat spotty. Further growth of InAs brought
no particular change in RHEED pattern except for the fact that the diffraction
spot observed from [110] direction became more spotty. The facet orientation
can be estimated as (113)A by the angle between two facet streaks which start
from the same diffraction spot. However, it should be reminded that orientation
cannot be deters

ined explicitly, because facet streak is broadened.
In order to examine whether island has facets of <10x> plancs, RHEED pat-

terns with incident electron beam along <100> dircctions are observed. Figs.2-5
show the RHEED patterns observed from [100] and (010} directions when the
InAs layer is 4ML. No particular facet streak is not seen at least under 10ML.
“Therefore island has no facets without (113)A.

From the spacing of diffraction rods or spots, we can obtain the sutface lattice

spacing in the growing plane. Fig.2-6 shows the surface lattice spacing estimated
from Figs.2-4 against InAs layer thickness. Both surface lattice spacings along
[110] and [110] directions are converted to that of <100> direction for the com-
parison with lattice constants of GaAs and InAs in Fig.2-6. When 1ML of InA

grown, the surface lattice spacing is the same as lattice constant of GaAs for both

[110] and [110] directions. However, the lattice spacing becomes larger betwe

1 and 2ML. After 2ML. the lattice spacing approaches the lattice constant of
InAs gradually. When InAs layer thickness is 10ML, the lattice spacing is almost

the same as the lattice constant of InAs. These experimental results indicate
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Fig:2-4 Observed RIEED patterns during InAs growth




[1o0] [010]

RIEED patterns observed from [100 and [010] directions where InAs Jayer
Thickness s AMI..

that the strain relaxation of InAs grown on GaAs is performed between 2 and

ML Axy

netiy of strai

relaation between [110]

od [110] directions is not

ally. 1 « the stvain in the epitaxial byer

observed. G e Lo ways Lo 1

n el

1) surface lattice

ation by island growth and 2} strain relaxation by

misfit dislocation generation in relaxation are observed

by RHE

Fhese o ways of st

D s two steps of surface lattice spa

ng change, for cxample. in Ge

Tayer growth on $i ™7 where the lattiec

pisimatching is 4.2%. On the other hand.

there i only one step of surface lattice spacing change in InAs/Gads. Thus. it

st the same

ix considered that the island growth and misfit generation occur alm
time, The differenee of strain relaxation process hetween InAs/Gas and Ge/$i
can be attributed to the difference of lattice mismatehing

2.4 Atomic force microscope observation

M i

The observed

InAs is

are shown in Fig:

7. One can see the density of

ands increases as the TnAs layer thickness increases. When the LOML of
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Fig:26 Surface lattice spacing of InAs calculated by
patterns observed from (110) and [1i0] directions. Surface lattice spacings are con
10 that of <100> direction for the comparison with lattice canstants of GaAs(
and InAs(aina,) at 480°C.

action rods o spots in RIE

InAs is grown, the InAs islands are hardly scen and the grown layer surface is
considerably flat. The surface singularity at 1ML agrees well with the streaky
RHEED patterns. The situation does not change until 1.5ML. The den:
the size of island increase slightly at 1.8ML. Then, the density at 2.0ML. bee

y and
of
InAs islands begins at about 1.8ML. The rapid island formation can be under-
stood from the result of RHEED observation. When 2.0ML InAs is grown. two
types of InAs islands appear as seen in Fig.2-7(e), i.c., the small(<250A) and the
lacge(>400A) islands. The small islands are the

of 30A and also seen in Figs.2-7(a)~(d). The size and shape of these: islands seemn

drastically greater than that at 1.8ML. It is considered that the formation

pherical shape with
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(f)4.0ML

Fig2:7 AFM images of InAs grown on GaAs where InAs layer thickness is variously

changed. Thickness of InAs is (a)1.0ML. (b)1.3ML. (€)1.5ML. (d)1.RML. ()2.0ML and
(FH.OML.



1o be similar each other.

The large islands are about three~four times in size greater than the small ones.
and the shapes are not similar each other. Density of the large islands is about
1/40 compared with that of the small ones at 2ML, but increases remarkably
when the InAs layer thickness becomes 4.0ML. while the density of the s

islands becomes somewhat less than that at 2.0ML. The sizes of the small islands

nall

remain almost the same with increasing the InAs thickness. On the contrary.
the sizes of the large islands take various sizes and various shapes as InAs layer
thickness changes from 2.0 o 4.0ML. Therefore the large islands are Lthought Lo
be formed by coalescence of small islands.

In spite of the intensive observation, no specular facet were recognized for both
small and large islands though the RHEED patterns indicate the exist
(113)A planes. The reason is not clear, howeve

e of

t is considered that rel

among island si: land-to-island distance and size of cantilever tip may be

concerned.

2.5 Transmission electron microscope observa-
tion

The plan-view TEM obscrvation results show almost the same results as

those of AFM. The InAs islands are hardly observed at 1.0~1.5ML and the

density of InAs island increases drastically at 1.8ML.
island density and InAs layer thickness is shown in

e relation of the small

. Thereis a discrepancy
of island density between TEM and AFM measurements at 1.8ML. It would be

attributed to the difference in layer thickness. Since islands are formed abruptly,

small difference in the InAs layer thickness results in large discrepancy in island

density around 1.8ML. Figures 2-9 show the plas

jew T
AML. When the InAs layer thickness is IML. TEM imag

contrast, which means that the lattice spacing in the growth plane

ages at 1.2 and

ows 1o particular

uniform
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Fig:2% The density of small island measured from AFM and plan-view TEM images
as a function of InAs layer thickness.

through the path of transmitted electron and that the strain in the epitaxial
layer is uniformly distributed within observed area. The accordance of the lattice
spacings of InAs layers and GaAs cap and buffer layers are also indicated by the
RHEED observation as described before. Since electron diflraction is sensitive
to the lattice spacing, TEM image well reflects the strain distribution. On the
contrary, there are many dotted images which indicate the InAs islands in Fig.2-
9(b). This e

it dislocations are observed in Fig.2-9(b), strain relaxation in InAs islands is

rast well agrees with the AFM image of Fig.2-7(c). Because no

not enough and islands are still compressively strained. However, when 4ML-thick

TuAs is gro

many fringes are seen in Fig.2-9(c). These fringes are considered
to be moiré patterns caused by the misfit dislocations 1%, The fringes run

along both (110] and (110] directions. From the fact that the misfit dislocations
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Fig2:9 Plan-view TEM images of InAs. Thickness of Inds is (a)IML. (h)2ML and
(¢)}4ML. 1004 single crystal GaAs cap layer was grown for 1ML-tick sample while
100 amorphous GaAs cap layers were grown for 2 and AML-thick samples.
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Fig:2 10 Nright field cross-sectional TEM image of 2M 1L thick InAs.

are generated between 2 and 1ML, the eritical thickness of InAs grown on Gads
(1) and TEM imag

land is similar to that

2 and AML. Compating AFM image of F

is between
of Fig:
of the moiré pattern. Thus, the mistit dislocations are generated in the large
ot

e of large InAs

9(c). one can see that the s

islands. Figure 210 is the de image which indicates that the

dislocation is generated in the large island. Two threading dislocations which
extend from the island to surface are clearly seen. Although the small island

image is not clearly seen in | 9(c}. itis considered that the lattice strain may

211 show the dark field cros

vation, the InAs layer two-dimensionally

e from plan-view oby

As gue
and the strain distribution is uniform at 1ML

b the InAs layer

thickness s 2M L. some black and white contrast images are seen along with the

=
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Fig.2-11 Dark field cross.sect
thick GaAs single crystal I
“Thickness of InAs is ()1 ML. (5)2ML and (c}4ML.

fimages of 1. 2. and AML-thick InAs with 1004
spot was chosen for images
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InAs layer. Thesc images reflects the strain nonuniformity which is caused by the
islands. It is noteworthy that the strain is distributed not only in the InAs layer
but also in the GaAs buffer and cap layers. Since the lattice spacing of InAs in the

island is not the same as that of GaAs, the GaAs which surrounds InAs island

suffers the tensile strain 2%, The strain in GaAs layer is much remarkably

seen in Fig.2-11(c) where the InAs layer thickness is 4ML. Furthermore, another

phenomenon is observed. Once the dislocations are generated and the lattice

spacing of InAs returns to unstrained value, GaAs is energetically hard to grow
on islands during cap layer growth while inter-islands area is stable growth site.
The depression of GaAs layer on InAs islands is seen in Fig.2-11(c) and also
abserved by other groups 1239

“The island size at 2ML is measured from plan-view TEM image. Histograms
ol 2.12. The average size of island is 150.2A and
132.9A along [110] and [110] directions, respectively. The island height is esti-
mated as 30 from the island size in [110] dircction and the fact that the island

island size are shown in Fig

Was (113)A facet. “This cstimated height agrees very well as that measured by
AFM. However, the island size in the growth plane measured from plan-view
TEM is smaller than that measured by AFM. The island is slightly elongated
in (110] direction. "The density of island is 1.1x10%em~? in the growth plane,
though AFM obscrvatio
5 of the istand size and island density may be attributed to the existence of

indicates the density is 4.5x10'°%cm=2. The disagree-

Gas cap layer. 1.
In flu

successi

itabayashi ct al. observed island agglomeration cven after

s stopped . I the case of TEM obsarvation, GaAs cap layer was grown

ly after InAs growth, on the other hand, InAs layer was exposed to As
Mlux during lowering substrate temperature for about 10min for AFM observation.
Thus, the GaAs cap layer suppresses the island agglomeration in TEM samples
and leads to small size and high density islands.

The island clongation becomes more notable at AML. The structural anisotropy
in the growth planc is considered to be caused by the structural difference in
two orthogonal surface steps. It is known that the atom and dangling bond
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Fig2-12 Histograms of the island size measured from "TEM images, where InAs layer

thickness is 2ML. Island size is along (110) direction in (a) and along (110] direction in
(®).
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[110] (170

13 Schematic illustrations of anisotropic island evolution due to the anisotropy
in growth rate of orthogonal surface steps.
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[o01)

(110}
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Fig.2-14 Schematic structure of 2ML grown InAs suggested from RHEED and TEM
observations.

arrangements of step toward [110] direction, A-step, differ from those of step
toward (110] direction, B-step in zincblende structured crystal. If the growth is

performed under As-stabilized condition, growth rate at B-step is er than that
at A-step 2. This anisotropy in growth rate results in elongation of island along
13.

Knowing island size, height and density, the thickness of InAs two-dimensional

[110] direction as shown in Fig

lager which is underlying island can be calculated by subtracting the volume of
island from that of 2ML amount of InAs. The calculated thickness is 3.37A .
Because the thickness of IML of InAs coherently str 54, the
thickness of two-dimensional layer is about 1ML The structure of 2ML grown
InAs suggested by RIEED and TEM observations is illustrated in Fig.2-14.

In order to study the dislocation type in large island, the dark field images
with diffraction spots of (220) and (220) were taken. Figures 2-15 show the dark

on GaAs is 3
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Considering the fact that dislocation in zinchlende structured crystal
(001) plane and that the dislocs

along <110> direc

transverse dircction, the dislocation direct be ed as parallel to the

fringe. Representing b as a Burgers vector of dislocation, the dislocation image
Thus, the these dislocations are identificd as edge

disappeared when g'b
dislocations. The cdge dislocation can relax the strain eflectively because the

Burgers vector lies in the growth plane. However, it is diflicult 1o generate cdge

blend

directly in the zi ystal, since the shortest lattice

vector in each sublattice is along <111> direction which makes 60° angle with
<110> direction. The observed edge dislocation is composed of a pair of 60°
dislocations which run the same direction and have different Burgers vectors as
shown in Fig.2-16(Lomer-lock type) ™. Relation of the Burgers vectors of two
60° dislocations and that of 90° dislocation(ed is d by

next equatior

a a a
§010) = S101) + Sfoni) (22)

where a denotes the lattice constant of InAs and (110} dislocation directi
supposed. Composed edge dislocation is scssile hecause the Burgers vector does
not lie in <111> planc. Dislocation generation mechanism is considered that two
60° dislocations are generated at the edge of island successively and then form
one edge dislocation.

From the interval of each [ringe in moiré paltern, one can estimate the lattice
spacing of InAs island by following equation:

Ginas X 9Gahs 23)

am=
| ators —~ aGars
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effectively for the strain relaxation.
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16 An edge dislocation consisted of a pair of 60° dislocations. Dislocati
assumed to run along [110] direction.

where aipa, and agya, tepresent the lattice spacings of InAs and GaAs, respec-
tively, and ap represents the interval of cach fringe. Although GaAs buffer layer
sullers tensile strain, substituting 4.00A , which is 1ML-length along <110> di-
rection of unstrained Gas, into agaa,, and measured interval of each fringe
into a, the lattice spacing of InAs along <110> direction can be calculated as
1214 when the InAs layer thickness is 4ML. This value is almost the same as the
IML-length of unstrained InAs. 4.28A | thus, the dislocation in the island works



2.6 Discussion

From the experimental results, it was found that there are three stages in the
InAs growth on GaAs:

1. InAs grows two-dimensionally on GaAs until 1.5ML.

2. InAs grows thi and begins to nucle Il islands around

1.8ML.

3. InAs grows three-dimensionally and begins to nucleate large islands at

2.0ML.

The growth mechanism of InAs on GaAs is considered as follows. InAs grows

two-dimensionally at the begi
when two-dimensional growth, the surface energy is minimized by covering the

g. Although the InAs suffers compressive strain

GaAs surface by InAs, because the surface energy of InAs is less than that of
GaAs 3. Thus the total energy is minimized. Once the surface is covered by
InAs, the surface energy does not change while the strain energy increases as

growing InAs. In this case, the strain energy is dominant. However, as the str:

becomes large, InAs grows three-dimensionally to m ize the total encrgy by

expanding in the interface planc. This change of the growth mode is the b

ning of the abrupt small island formation. Because the island density changes
suddenly, it is considered that not only the newly supplied atoms but also already

sited atoms form the islands. In this case, at least the 1 ML-thick InAs re

the GaAs two-dimensionally to minimize the surface energy as shown in

As described above, the size and the shape of the InAs small island does not

concerned with the InAs thickness, it seems there exists certain island size which

er of certain scale

g th

is the most stable. In fact. growing by increas
islands is more reasonable than growing by enlarging the islands size in view of
the strain cnergy. When the density of the small islands becomes large so that
islands coalesce each other, the large islands are formed by coalescence of several

small islands. At this time, the elastic strain accommodated in the islands is so
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it dislocations are

ing
reasing small islands in which no misfit dislocations

locations are gencrated. Once the mi

large that the misfit di
gonorated in the TnAs island:

it is encrgetically desirable to grow by enlas

lands rather than

large

exist. For these reasons, the size and shape of large InAs islands is not lar

cach other. Theoretical approach of island formation is intensively deseribed in
chapter 3.
For the utilization of InAs island to quantum dot, the suitable InAs layer

thickness is 1.8~2ML, because the island size are similar to cach other and there

2.7 Summary

ter, the MBE growth and structural characterization of InAs

. Ju-situ RIEED observation revealed that the InAs
grows two-dimensionally wntil 1.8ML, then the growth mode changes into three-
dimensional abruptly. The InAs island has (113)A facet. Surface lattice spacing
gradually reaches to InAs lattice constant after islands are formed.

Very few islands were seen by AFM observation when InAs layer thickness
was less than 2.0ML, however, many islands were observed when 2ML-thick InAs
diameter and 30A in height. This island

ilar cach other. Beside this small islands, large islands greater

was grown. The island size is 250A i
seemed 1o be si

than 400A in diameter were seen. The density of large island increases with InAs
layer thickness while that of small island decreased.

From plan-view TEM obscrvation, it was found that small island is coherently

grown, on the other hand, many dislocations were generated in large island and
the strain in the island is almost relaxed. Observed dislocation is Lomer-lock type

which relaxes the strain effectively. Not only InAs island but also GaAs buffer

and cap layer which surrounds istand are strained. The size of coherently grown
island observed by plan-view TEM was slightly smaller than that observed by

AFM since the GaAs cap layer suppresses agglomeration of InAs islands.
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When device application of InAs island is cor luctuation in is-

idered, th

problem. The luctuation in island size investigated

land size becomes.

this study is about 10~20%. In order to make island size wniform, the growth

condition such as substrate temperature. V/H11 ratio and growth rate should be
optimized.
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Chapter 3

Theoretical approach of island
formation and strain

distribution in island

3.1 Introduction

There are two important layer thi in latti i L pitaxy.

One is so-called critical layer thickness under which dislocation is not generated.

Another is a transition layer thickness at which the growth mode of epitaxial layer
. Thus far, the predi

of critical layer thickness for dislocation gencration have been investigated by

changes from two-dimensional to three-dimensi

several groups %), Estimation of critical layer thickness is required to design

semiconductor devices composed of lattice-

ismatched system and also described

in chapter 5 in this thesis. On the contrary, very few works on the prediction of

transition layer thickness have been reported %9, In order to fabricate QIs by

strain induced island growth, it is important to predict the transition thie

This problem is meaningful especially the islands are grown by OMPVE, since
1o in-situ surface characterization technique has been established yet.
Beside transition thickness, the st

istribution in island is an interesting



(a) (b) ()

Figd-1 Schematic illustrations of growth modes in heteroepitaxy. (a)Frank-van der
Merwe(FM), (b)Volmer- Weber(VW) and (c)Stranski-Krastanov(SK) mode.

and grows cohe

subject. Beca Iy on the substrate, certain strain is dis-

rain in island changes the band structure such as band gap

ical and electrical properties of islands. Thus, the calculation

island is important.

In this chapter, the transition thickness is theoretically cstimated by taking
surface and strain energies into account. The estimated transition thickness is
compared to experimental results. This theoretical approach will be a guide for

QD formation by island growth lattice-mismatched systems. ‘The strain distribu-

in the island is also calculated by assuming appropriate island.

3.2 Calculation process

3.2.1 Transition thickness



‘There are three kinds of growth mode in heteroepitaxy as shown in

1. two-dimensional layer growth(Frank-van der Merwe mode, FM)

2. three-dimensional island growth(Volmer-Weber mode, VW)

3. two-dimensional layer growth followed by three-dimensional island growth
(Stranski-Krastanov mode, SK)

As revealed by previous section, the growth mode of InAs on GaAs is classified
as SK. We can predict the growth mode for a given combination of cpitaxial layer
a)
shows the equilibrium shape of a single crystal. From Fig.3-2(a), relation between

and substrate by Wulfl's theorem taking interface into account 9. Figure 3-2

surface energies of each plane and distance from Wulff point to each surfacc is
derived as follows:

o _o

o @)

where 1, 0, and o, denote the surface cncrgies of surface 1,2, and i, respectively.
ly, Apr

incorporated into erystal

hy, ha, and h; distances from Wulff point O to surface 1, 2, and i, respec

the change of chemical potential per atom when aton

from vapor phase, and v the volume of one atom. Eq.3-1 is a well-known Wlll's

theorem.  Similarly the equilibrium shape of heteracpitaxi
shown in Fig3-2(b), and

ly grown erystal is

r equation as Eqs.3-1 is derived:

= ok 321
-5 (3-2a)

(3-21)

where 0.y, 0,4 denote the surface energies of epitaxial layer and substrate, re-

spectively, o,u the interface encrgy between substrate and epitaxial layer. Si
ilarly, Aoy and ki denote distances from Walll point to epitaxial layer surface

and to interface, respectively. Interface s represented by Eq.3-2b. ¥
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L3
(a)
O : Wulff point
L2
o2
(b)
o; surface energy 0. surface energy of

epitaxial layer
o.u surface energy of substrate o, interface energy
7  adhesion energy €  strain energy

Ap  change in chemical energy v  volume of one atom

Fig:
shape of single erystal. (b)Eqy

Schematic illustrations for explanation of Wullls theorem. (a)Equilibrium
ibrium shape in heteroepitaxy.




t to t 0d 7

is called adhesion encrgy. This term is cquiv of 0.,

for homoepitaxy. Stra portant role to (he interface en

ergy ¢ plays an in

ergy in lattice-mismatched heterocpitaxy, because strain ciergy is generated as
a result that the lattice spacis

to the lattice constant of substrate at the

of coherently grown cpitaxial layer is adjusted

terface. In Eq3-20. lie becomes

0 when 0in; = 0, This situation can be interpreted that the lower part of
cpitaxial crystal does not exist. Furthermore epitaxial crystal disappears when
hp. T

grow thi i Then, di sional growth and th

is means that the ¢

Oint = Oaub =

e OF hung

growth can be distinguished by next equations:

Gunt = Tus < =0y -+ Wvo — dimensional growth
Ouni = Ous > —0cp -+ Uhree - dimensional growth  (3:3b)

Considering that there are no dangling bonds at heteroit the

3 can be

of chemical encrgy to interface energy can be neglected. Then, E

written as follows by using term of strain cnergy «.
Gub = e > € two — dimensional growth (3-12)
Guis = G < ¢ - three — dimensional growth (3-4h)

Note that the strain energy ¢ increases as epitaxial layer grows while the surface
Cnergies Gyus, Gepe remain the same. In other words, the energy relation changes
from Eq.3-4a to 3-41 as growth proceeds. This change does indicate: the

process of SK growth mode in the lattice-misinatched heteroepitaxy.
From Eqs.3-4, the transition thickness can be estimated quantitatively. The

In VFF

strain energy was calculated by valence-force field(VEF) model 79,
model, the strain energy is calculated by bond stretching and angle wagging be-
tween two bonds as shown in Fig.3-3. VFF model is applicable to microscopic

structure, because strain energy is calculated from the position of cach alom.

a7



Fig.3-3 Atom areangement for VFF model.

.
sl e

where s denotes group Il and group V atoms. The bonds around each atom
are denoted by j,k=1~4. and r} and r} are the bond vectors around s atom.
19 is the equilibrium bond length j. a and 3 represent the clastic constants
for bond stretching and angle wagging between two bonds, respectively. Bond
lengths r and elastic constants a, 8 of P-related and As-related 11l -V compound
semiconductors are summarized in Table 3-1.

In order to calculate the strain energy in two-dimensionally grown layer, the

energy should be summed up with respect to one atom row along growth
direction as illustrated i

4. The strain energy is minimized by moving
itive of Eq.3-5 becomes 0.
For estimation of surface energy, the binding energy, i.e.. cohesive mery per

atom positions so that the deri:

bond, was used %19). To simplify surf; gy estimation, surf
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Table 3.1 Bond length and clastic constauts for VFF model .
. « | 8

[a.u) 10%dyn/cm

AP [aa70] -a7a7] -9.07
GaP [4.460| 47.32[ 1004
P {4802 4304] 62
AlAs [4.631 | 4289 -9.86
GaAs [1.626| a119] 895
Ins [4.957] 35.8 .
“These values were calculated under the assumption that

the relations of  and # in AISh, GaSb, and InSb are
applicable in P-related and As-related compounds.

‘Table 3-2 Binding energy per bond *1°).
SkeVi
AP | 1904
GaP 1.656
InP 1.500
AlAs |1
GaAs | 1522
InAs 1.400

“This value was calculated under the assumption that
the relation of binding energy in AlAs, GaAs, and InAs

is applicable in P-related compounds.




l 001
ot O As atom

wio) 10 ® Inatom

Fig.3-1 Example of atom row along growth direction for summation of strain ener



Fig.3-5 Island configurations for strain distribution calculation. (a)lnAs island surface
is free. (b)InAs island is embedded in GaAs. Island height h, and size in growth plane
Ly, Ly are 16ML for both cases.
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is neglected and surlace strncture of 1x1 is imed here. Then, cach surface

atom has two dangling bonds in the growth plane, that is, (001) plane. Since two

surfaces are produccd by dividing crystal. surface cnergy per bond becomes a half
of 8y

111V componnd semiconductor are

bond, S, of P-related and As-related

ding cnergy. The hinding en

nmarized in Table

3.2.2 Strain distribution in island

ibution i

island was calculated also by VFF model. Two

Strain energy dis

island configurations were considored as shown in Figs.3-5. In Fig.3-5(a), InAs

urface is not covered so that the atoms on island surface can move freely.
5(b). IML-thick InAs

. Island size and

istand

On the contrary, InAs island is embedded in GaAs Fig.3

two-dinen: layer is inserted between GaAs and InAs isla

ape are same for botl co rations. Island size is 16ML in growth plane
and also 16ML, in h

planes. Although the

R

ght. Lateral surface of island is composed of four {111}

assumed island size and shape are different (rom obscrved
structure, island size were taken as large as possible in the restriction of hard

ware. Difference of island shape would not cause serious problem when qualitative

analysis is discussed. In the caleulating process, periodical boundary cond

tals illustrated in IF

3-5 lie side by

wis applied, that is, cr;

plane. Under the island, the lattice spacing was fixed to the latti
GaAs, howey

introduced in the island.

. only 1ML of GaAs was allowed to move. Dislocation was not

3.3 Results and discussion

3.3.1 Transition thickness

o

leulated strap

energy in InAs two-dimensionally grown layer on GaAs as

nction of layer thickness is shown in Fig:3-6. In Fig3-6. the strain energy

tioned

is summed up with respect to one atom row along [001] direction as m
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above. The abscissa denotes InAs layer thickness in the unit of atomic layer. The

surface energies per bond of InAs and GaAs are akso shown.

om P31, istand

surface encrgie

growth starts when the strain cnergy exceeds the difference i s
between substrate and epitaxial layer.
The difference of surface energy is twice of the difference in surface energy

and is calculated as 0.122eV. Then, the transition thickness at which the growth

1hr: mensional is estimated as 1} in

mode changes from two-dimensiona:

unit of atomic layer, i.c., 0. . “The calntiied thickness is thinner than the

experimental result of 1.8ML.

As
et

Figure 3.7 shows calculated transition thickness of In, Gay-, As grown on

based on our model. Experimental results arc also show for co

parisor

One can sce that the difference becomes remarkably at low In composition regie

To investigate the origin of disagreement, we have calenlated the strain cnergy
kness between our model
38, Conside

sured the transition thickness by the spacing of diffra

which corresponds to the difference of transition thi

mental results. The result is shown in

and exp ng that N.

Grandjean ct al. m tio

rods or spots in RHEED while P.M. Petrofl ct al. observed only the change
RHEED pattern(from streak to spotty). the transition thickness measured by

. Fhen, the

former group is more reliable, especially at low In compaosition regi

difference of strain cnergy between those at calculated and experimental transi-

tion thicknesses becomes almost 0.27eV and slightly decreases as In composit

increases,

ion thickness.

There are two origins which cause the underestimation of tr:

One is that the energy accommodated in island. Our model deals with only total

cenergy, which is sum of surface and strain energy, of two-dimensional tayer and

does not take energy of island into accou “Three-dimensional growth begi

when the total energy of two-dimensional layer becomes larger than that of is

land, similar to the energy balance model of dislocation gencration pred

However, it is impractical to calculate the total

size and shape is unknown. If we assume appropriate island and calcnlate total
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Fig.3-6 Sum of strain energy in InAs atom row. Surface energies of GaAs(0Gaas) and

1nAS(01na,) are shown. Dotted line indicates strain energy and InAs layer thickness at

which the growth mode changes form two-dimensional to three-dimensional.
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Fig3-7 Calculated transition thickness for In,Gay-zAs/GaAs. Experimental data by
other groups are also shown for comparison.
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Fig.3-8 Strain energy corresponds to the difference of transition thickness between our
model and experimental results.

energy, the transition thickness would be estimated. Conversely, the transition
thickness which agrees the experimental result may be obtaincd by choosing cer-
tain island. This sequence is, however, nonsense.

Another reason is the fact that the growth is performed under non-equilibrium
condition. Wulff’s theorem is valid at equilibrium condition where the crystal
in MBE growth is

does not grow nor desorb, on the other hand, the situati
non-equilibrium generally. In other word, the substrate temperature during MBE
growth is lowered to prevent desorption of group V atoms in insufficient group
V overpressure. In such a condition, total energy in cpitaxial layer, which is
the driving force for three-dimensional growth, needs more strain energy to start
three-dimensional growth.

S. Ohkouchi et al. have observed STM images of GaAs grown on InAs (001)
substrate by MBE 2! This combination of InAs substrate and GaAs epitax-
ial layer can be classified as VW growth mode and is expected Lo grow three-
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ning of growth. However, they reported that GaAs

dimensionally from the begi

nensionally until 0.75M1. and then three-dimensional growth oc-

grows twoud

curs. Morcover, atoms which has already grown two-dimensionally is stripped
off from InAs surface and taken into islands when the three-dimensional growth

mmed up for one atom row along (001] direction for

oceurs. The strain energy
0.75M1t
also indicates that certain extra encrgy is required Lo form islan

k GaAs grown on InAs was calenlated as 0.27eV. Th

3.3.2 Strain distribution in island

lower part. Furthermore, the strain distribution is

woeen lower and upper parts. The strain distribution scems concave

crent

ex shape strain distribution is seen e

upper part.

o can move freely. strain energy at island surface becomes

Lor, thus, the strain distribution

smaller upper part

of island becomes convex shape. On the other hand, the atoms at periphery of

island foot are bonded with r GaAs layer which leads compressive strain and

also bonded with upper InAs which moves Lo outer island. As a result, two kinds

of bonding cause unnatural bond configuration and large strain is induced. C.

Priester et al. has obtained similar results by assuming several facet planes .
alt

1 is noteworthy that strain extends even to GaAs layer under island. This

agrees h the cross seetional TEM obsery:
Compared 1o the surface free istand. the strain energy in embedded island is
greater. Thi

the strain distriby

trend scems more remarkable in upper part of island. Furthermore

concave regardless of height. Because island surface

contacts with GaAs, atoms at island surface are strained while atoms at inne

island are bo situation does not change with respect to

e with only InAs. Thi

height. Therefore, the strain distribution bec ape and the strain
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Fig3-9 Strain distribution in several (001) planes i surface freeisland. “The lateral size
along (110] and [1i0] unit of A. Squares above each graph indicate the i
between InAs and GaAs, and enclosed parts correspond to InAs. (a)GaAs layer ,.m
under island, (b)1st InAs layer from interface, (c)2nd InAs layer from interfuce, (d)5th
InAs laer from interface, (¢)10th InAs layer from interface and (f)15th InAs layer from
interface.
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energy does not decrease drastically with respect to height. It portant to

notice that the strain distributes not only in InAs island but also rounding.
GaAs.
From calculated strain distribution in InAs and surrounding GaAs, it is co

ered that the band structure such as polent

id-

height is changed. Although VEF
model cannot classify the strain into each coordinate compositions such as ¢,

¢y and ¢y, position of each atom is obtained. In this case, band gap would he

estimated using deformation potential by calculating strain in growth planc and

growth direction from cach atom position. However, band gap caleulated such
method is defined within very local space and hence suspicious to apply further

calculation. Band structure should be calculated by tight binding method

all the atom positions are known, though it takes enormous time to calculat

3.4 Summary

In this chapter, the transition thickness of island growth and str: ribu-

tion in island were calculated. The transition thickness at which the growth

mated in terms of

changes from two-dimensionally to three-dimensionally was est
strain and surface energies based on Wulff's theorem. Strain c:
lated by VFF model and binding energy was used as surface energy. As results,
calculated transition thickness for InGaAs/GaAs was thinner than experimental

cegy was cal

results,

greement was attributed to the neglect of total
non-equilibrium growth condition in MBE. However, precise transition thickness

may be predicted by adding certain energy to strain encrgy.

Calculated strain distribution in island was different between st

and embedded island. Strain encrgy decreases in upper and outer parts of i
in case of free surface. On the contrary, strain energy does nol change along
growth direction and is larger at InAs/GaAs boundary than at island center in

case of embedded island. It is desired to calculate the band structures from

caleulated atom pos
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Chapter 4

Optical property of InAs on
GaAs

4.1 Introduction

The band structures of GaAs and InAs are both direct and the band lineup
at heterointerface of InAs and GaAs is type-I which means that both electrons
and holes are confined in the same space. The band gaps of GaAs and InAs are
1424 and 0.351V at room temperature. respectively V. These electronic prop-
erties are advantageous for light-emitting device, especially for infrarcd optical
Further, the discontinuitics of conduction and valence bands at

heterointerface are quite large, strong quantum effect brought by suitable quan-
tum structure is expected. In spite of such attractive material properties, tl
to the

heterostructure of InAs/GaAs with no defects is difficult to fabricate d

large lattice-mismatching of 7.2%. However. small InAs island which has no de-

BE growth as revealed in
and 30A in height.

fects was formed on GaAs at very early stage in

chapter 2. The island size is about 150~250A in diam

The density is s high as 1.1x10''cm™2 in the growth plane. §

is considerably small, it is expected that this sell-assembled island can be

asa QD.



Luminescence from ideal QD is known as ultra narrow peak due to § function
like DOS. Sharp DOS improves threshold current and its temperature dependence

of LD 9. Fluctuation of lasing wavel

gth due to is also stabilized.

Another important feature of QD is the low optical phonon scattering, Energy

state of carrior in ideal QD is porfectly quantized and the intervals between quan-

tum encrgy states become larger when QD size is reduced. If the intervals of en-

ergy states become larger than the energy of aptical phonon, absorption of optical

phonon is forbidden. On the contrary, phonon emission s prohibited when the

interval of encrgy states is smaller than phonon energy. Then, carrier relaxation

from higher cnergy states by phonon scattering is suppressed. This property

can be used for it

er-

bband LD in which realization of population inversion is

extremely difficult because of short carrier relaxation time.

In order to confirm the possibility of application of InAs island for QD, it is

necessary to investigate clectrical and optical propertics. Thus far, several groups

including us have characterized the optical property of InAs grown on GaAs 19,

However, most of the prey

us works have not related the optical property; to the

InAs structu ce InAs epitaxial structure drastically changes especially at

the begi
InAs with respect to the layer thickness is extremely important and stimulating.

\g of growth as shown in chapter 2, investigation of optical property of

In this chapter, the optical propertics of InAs grown on GaAs is investigated
where InAs layer thickness is variously changed. Photoluminescence(PL), PL po-
larization, i EL) and ph PC) jies were

measured.  As results. strong luminescence dependence on InAs structure is

shown. High In

incscence cfficiency of island and polarization are revealed.

4.2 Experimental setup

PL was performed with a 5145A Ar-ion laser. Samples were cooled by closed
type He flow cryostat(>10K) or liquid nitrogen(77K). Luminescence was monochro
mated by 0.75m-long monochromator and detected by Ge pin diode cooled by
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liquid nitrogen. The spatial resolution of monochromator is 4A . Lack-in detec-
tion technique was used to gain /N ratio. Samples for PL measurcment have
100A-thick single erystal GaAs cap laer so that InAs becomes QW or QDs in
Gahs.

Polarization of PL was measured with the system illustrated in Fig.d-1. One

can see the polarizer in front of the monochromator. Polarization property of grat-

ings in monochromator was calibrated by halogen lamp which emits o polarised

luminescence. To measure the of two

were adopted, i.e., polarizer was rotated while sample was fixed, and sample was
rotated while polarizer was fixed.

EL and PC were measured at room temperature(RT). EL was also performed
with the same measurement system as PL except for the fact that carriers were
injected by direct current. PC was measured under reverse bias condi ithout
additional load. GaAs/InAs/GaAs pin photo diode structures were fabricated for
EL and PC mcasurement. The 4000A-thick Si-doped GaAs cladding layer was
grown on an n-GaAs substrate at 580°C at first. Then, an undope InAs active

layer with various thickness was grown at 480°C. The 1000A-thick Be-doped p-

ture of

GaAs cladding layer was grown on the active layer. Since growth te

pe

180°C is low for ideal GaAs growth, growth temperature was increased gradually
from 480°C to 580°C Lo improve the crystalline quality of p-GaAs cladding layer.
Finally, the 1000A-thick Be-doped p*-GaAs contact layer was grown. An/Cr
mesh and Au/Ge/|
oration for p*- and n-GaAs layers, respectively. Ohmic
alloying at 380°C for 60sec in H; ambient. The
in Figd-2.

i flat clectrodes were formed by photo lithography and «

s were formed by

cture is shown

4.3 Photoluminescence spectroscopy

Figure 4-3 shows the PL spectra of 1.0~2.0ML-thick InAs at 10K. One can

sce the sharp peaks at 1.0, 1.3 and 1.5ML. Peak wavelengths are 812, 865 and
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POLARI ZER

SAMPLE

ration of measurement system for polarization of PL. The po-
nochromator was removed when conventional PL was measured.

ELECTRODE AuCr
P GaAs 1000A

P-CLAD GaAs 4000A

ACTIVE InAs  1~aML

N-CLAD GaAs  4000A

N-SUB. GaAs

ELECTRODE  AwGeMi

Fig.1-2 Schematic illustration of sample strueture for EL and PC. A pin photo diode
was composed by p-GaAs. undoped InAs and n-GaAs layers.
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PLINTENSITY[a.u]

900 10 7100
WAVELENGTH[nm)
Fig4-3 PL spectra observed from 1.0 to 2.0ML-thick InAs grown on GaAs. 100A-thick
single crystal GaAs cap layer was grown to make up SQW structure. ‘Transition of
sharp to broad peak is shown which corresponds to the island formation.

77K
1ML X 10
3
£
] AMLM
z
&
I
z
[ 4ML X100
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WAVELENGTH[nm]
Fig.d-4 PL spectra from 1, 2 and 4ML-thick InAs grown on GaAs. The luminescence
peak wavelength at 4ML is the same as that at 2ML. though the intensity is weaker.



878nm, respectively. Since RIEED, AFM and TEM observations indicate that
InAs grows two-dimensionally at these thi the lumi is emitted
from GaAs/InAs/GaAs single quantum well. The narrow full width at half max-
imum(FWHM) as 10meV means the uniformity of the InAs layer thicknesses. It
is gonarally recognized that luminescence from QW in which well width is not
integer ML has multiple peaks due to inhomogeneity of layer thickness in growth

plane ', Tlowever, as seen in Fig.4-3, there is only one peak in luminescence
spectra when [nAs layer thickness is thinner than 1.5ML. Furthermore, the peak
wavelength shift Lo longer as layer thickness increases. Therefore, it is considered
that the terrace width in InAs layer is shorter than exciton diameter and the exci-
ton feels averaged potential. Another peak appears at the longer wavelength side
at 1.5ML. This peak implies the occurrence of island growth, though significant
InAs islands wer observed by AFM and TEM at 1.5ML. The optical prop-
erty of the InAs layer is sensitive Lo its structure. At 1.8ML, the FWHM becomes

drastically broad as 60meV. The luminescence spectrum does not greatly change

between 18 and 2.0ML, though the peak wavelength shifts to longer. Thus,

not only the island density increases but the island size becomes slightly larger
with increasing InAs layer thickness. If the luminescence is emitted from QDs,
the FWHM is expected to be narrow. However, the diameter of excited light is
0.1mm in our experiment and there are 107 islands in the excited arca. The broad
FWIIM can be attributed to the fluctuation in island size as revealed in chapter
2. Recently. J.Y. Marzin ct al. has performed micro PL measurement which can
measure PL from arca as small as 2.0um in diameter '9). They observed many
peaks with ultra narrow FWHM at the same wavelength region as conventional
PL spectra.

The PL spectra from 1. 2 and ML measured at 77K are shown in Figd-1.
Oue can see a weak peal

shorter wavelength beside main peak at IML. This

weak luminescen and indicates that the carriers are

s emitted from Gas lay

spilled over from 1ML-thick QW. On the contrary, no luminescence related to

Gass is seen at 2ML. It is interesting that the luminescence wavelengths of 2ML-
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and 4ML-thick InAs QWs are almost the same but the inten s weaker in

4ML. This result is interpreted that the large island in which misfit dislocations

are generated does not concern with luminescence because dislocation works as
non-radiative center %, Low density of coherently grown small island and high
density of strain relaxed large island resulted weak luminescence intensity in AML-
thick sample. The growth mode interpreted from PL results is the same as that
of AFM and TEM observations.

4.4 Photolumi polarization spectroscopy

It is generally known that luminescence from a quantum structure which has
structural anisotropy exhibits polarization property, because the wave function
becomes anisotropic and direction of dipole moment is spatially quantized 1319),
As shown in chapter 2, InAs island grown on GaAs is clongated in [110} direction
rather than [110] direction. It is considered that PL from island is polarized duc
to the structural anisotropy.

Bel of PL polarization, th ization property of monochro-

mator should be clarified. In order to clarify the polarization property of monochro-
mator, PL of Si-doped GaAs substrate was measured at first. Figures 4-5(a) and
(b) show the PL peak intensities of Si-doped GaAs substrate where substrate was
set 5o that the substrate orientations become orthogonal cach other. The peak
wavelength was 840nm. Although the PL of GaAs substrate is not polarized, the
results indicate strong polarization. Since the PL inte
the gratings and polarization direction of polarizer is parallel regardless of the

are strongest when

substrate orientation, this polarization property is caused by gratings. Know-

ing polarization property of gratings, we measured the PL polarization of 1 and
2ML-thick InAs samples as shown in Figs.4-5(c)~(1). Peak wavclengths of 1 and
2ML-thick InAs samples are 850 and 1000nm, respectively. Almost ¢
sults as Si-doped GaAs substrate were scen for 1ML-thick InAs sample, that s,

same re-

the polarization directions are different between two sample set configurations.
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Fig4-5 Polarization properties of PL from Si-doped GaAs substrate(a),(b), IML-
InAs(c).(4) and 2ML-thick InAs (e),(1). Sofid circles represent the PL peak

and solid lines are fitted curve by assuming sinusoidal function. Abscissa indicates
the polarization direction of polarizer. (110] direction of sample was set paraliel to
the polarization direction of gratings in the monochromator in (a), (c) and (c), while
sample set angle was rotated 90° in (b),(d) and (f).

Therefore the PL from IML-thick InAs, in other words, GaAs/InAs/GaAs single
quantum well is not polarized. On the other hand, PL intensities are the strongest
when the polarization direction of polarizer is parallel to (110} direction regardless
of sample set configuration for 2ML-thick sample as scen in Figs.4-5(c) and (f).
From these methodical experiments, one can deduce that the PL from 2ML-thick
InAs or InAs island is polarized along [110) direction. The polarization along
[110] agrees with theoretical prediction as discussed later.

Figures 4-6 show the PL polarization spectra calibrated by polarization prop-
erty of gratings using halogen lamp. PL spectra of two orthogonal polarization
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Fig.4-6 Polarized PL spectra parallel and vertical to (110} direction. Thickness of InAs

is (a)IML and (b)2ML. The polarization property of the gratings in monochromator
was calibrated by halogen lamp.




7 Schematic illustration of QD for the explanation of polarization.

directions have almost the same propertics when the InAs layer thickness is IML.
On the contrary, PL from InAs island shows strong polarization along [110] di-
rection. The peak intensity ratio between [110] and [110] direction polarizations
is about 60% while that at IML is 92%. In spite of intensive measurement,
significant wavelength dependence on polari

tion direction was not observed
Polarization of luminescence can be related to the difference of dipole moments
along two orthogonal directions. In case of quantum dot illustrated in FigA-7,

luminescence polarization in x-y plane is calculated by following equation 7.
K+ k2
BiR

where P denotes the ratio of dipole moment along x and y directi

k. the wave numbers along x, y and z d
ky and k, are in reciprocally proportion to the island si
30A , the polarization P can be estimated as 98.7%. There is a large discrepancy
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between experimental and caloulated results. Some reasons for the discrepancy

tion was not measured duc to imperfect

are considered. At first. precise polari

of two polarizations

measnrement system. As seen in Fig.1-6(a). peak intensi
are different for 1ML-thick InAs in which polarization is not expected. Second.
cted in [110] dircetion and QWW like structure

» on nominally just-oriented substrate, there must be

some islands are clectrically ¢

s formed by QDs.

monolayer steps. As mentioned in chapter 2, two kinds of step exist on (001)

blende structured crystal and the atom sticking coefficient at step, in

growth rate is higher in Bestep, which runs along (110] dircet

atropy of growth rate improves the lincarity of A-step

on misori I substrates have been carried ont and difference of step lincarity

n shown 1. On A-step, the step edge is

ween A- and Besteps has be

sites. N.

on Bestep, the step edge is very rough with many

on GaAs substrat
InAs small islands are preferentially formed at steps . They said that the step
on the lower terrace is the favorable nucleation sites for InAs islands. Considering
the anisotrop

of step lincarity and that InAs island formation at step cdge, InAs

are likely to assemble along [110] dircction. Figure 4-8 shows plan-view
age of 2ML-thick InAs grown on GaAs (001) just-oriented substrate.

One can see the line of islands along [110] direction. Similar result has been

obtained by AFM observation. The polarization of PL from such QWW becomes
larger than that of QD since wave number along QWW. k, which appears in the

n of QWW

merator of Eq.1-1 becomes 0. However, the calculated polarizati

95% and still larger than experimental result.

Third, strain distril
work by 1. S

1o the dipole moment . Ins island coherently grown on GaAs is elongated

n island affects the

pole moment. From theoretical

n et al..

ipole momer

is enhanced by compressive strain parallel
along [110) dircction and compressively strained as calculated in previous chap-

6
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1000

(110)

{110} [001)

X Plan-view TEM image of 2M1Lthick InAs on

InAs islands connected in [110] direction is seen

As just-oriented substrate

ter. The anisotropy of strain distribution enhances the at along {110]

direction. Difference in anisotropy of istand facet the polari

tion., T order to elanify the precise origin of large polatization. further study is

required.

4.5 Electroluminescence spectroscopy

Figure 1-9 shows the EL spectra where InAs thickness is varied from 1.0
to 2.0ML. One

considered due to GaAs cladding layer. since the InAs active lay

1 see a peak at 830nm(1A1eV) from all samples. This peak is

s so thin that

some carriers overflow from the active layer to the cladding layer as ol in

PL. The peak at 930nm(1

3\ ) is

and LAML. This peak is 90me\ lower than GaAs band gap. Impurities such as

wen when the InAs layer thickness is 1.0. 1.3,

$i or Be do not form sueh decp level. This peak can be assigned as the emission




ELINTENSITY[a.u)

800 900 1000 1100 1200 1300
WAVELENGTH[nm]
Fig4-9 EL spectra of various InAs layer thickness. Injected current was 80mA and
measurement temperature was RT.

InAs(3D)

EL INTENSITY[a.u]

0
WAVELENGTH[nm)

Fig4-10 EL spectra of 2ML-thick InAs with various injection current.
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from the di

InAs layer. Dis of between PL
and EL can be attributed to the difference in measurement temperature: Pl, was
measured at 10K while EL was at RT. Another peak at 1090nm(1.14eV) is scen
when the InAs layer thickness becomes 1.5ML and the FWHM is as wide as
80meV. This peak becomes dominant and other peaks are suppressed when the
InAs layer thickness becomes 2.0ML. The peak is assigned to the InAs island
from the comparison with PL. The wide FWHM reflects the fluctuation in the
island size. The luminescence from GaAs cladding layer was hardly seen. The
better emission capability of islands is understood from the fact that the relatively
large peak is seen at 1090nm from 1.5ML sample, although the RHEED, AFM
and TEM observations revealed very few islands at 1.5ML. The strong emission
from QDs in spite of such low density indicates that the carrier collection and
luminescence efficiencies of the island is very high. EL spectrum at 2.0ML is
almost the same as that at 1.5ML, but the peak intensity is 20 times larger.
Figure 4-10 shows the EL spectra of 2.0ML sample with various injection cur-
rent. The intensity of broad peak increases with increasing
Besides emission from islands, two weak peaks appear in the shorter wavelength
region. These peaks are identical to those observed when the InAs layer thick-
ness is less than 1.5ML. Thus the peaks are assigned to GaAs cladding and

two-dimensionally grown InAs layer, respectively. It is noteworthy that the lu-

minescence from InAs two-dimensionally grown layer was observed. This is the
proof that the InAs two-dimensionally grown layer still remains even when three-
dimensional growth occurs. However, in previous section of PL, we could not
observe the luminescence from two-dimensional layer. This PL result supports

the consi of two-dimensionally grown atoms into the islands.

There are two important differences in the carrier excitation between EL and PL.
First, the total excited carri

concentration of the EL is about three times larger

than that of PL in our experiments. Another is the different carrier excitation
process. In PL, the incident photon is absorbed to excite carriers, then carriers

diffuse to lower potential space and recombine. Since the incident photon num-

9



ber decreases exponentially from the surface, it is considered that carriers are not

sulficiently supplicd to InAs active layer. On the other hand, carriers are directly

injected and recomb
double hetero structure. T)

preferentially around active layer in EL, because of the

the effective carrier concentration around InAs

active layer of EL becomes much higher than that of PL. As a result, lumines-

cence from Lwo-dimensionally grown layer was observed by EL while it could not

ved by PL. Taking rosult of EL into account, it is thought that certain

amount of two-dimer

ionally grown In and As atoms still remain even when the

incorporation accurs at growth temperature of 480°C. This growth mode
differs from ordinary Stranski-Krastanov mode in which the thickness of two-

din al layer remains the same when the island formation occurs.

The existence of nAs two-dime

on

layer. in other words, welting layer.

licates that it is energetically stabler to cover GaAs surface by InAs instead of

“

growing larger InAs island cven when the island formation starts. This behavior

explained by the fact that the surface energy of InAs is lower than that of GaAs

as discussed in previous chapter.
It is reported that significant amount of the atoms in the two-dimensionally
82 Jlow-
cver, the precise thickness of the rest two-dimensional layer has not been clari-
fied. Q. Xie et al. and X.W. Lin et al. observed the cross-sectional TEM i
ages of InAs/GaAs grown by MBE and showed the existence of two-dimensional
layer 230, In the case of TEM, the precise thickness of two-dimensional layer can

grown layer are incorporated into the islands during their format

not be estimated because the image contrast is considerably smeared by strain.
J.Y. Marzin et al. estimated the size of island by PL and calculated the thickness
I layer by subtracting the volume of islands from that of sup-

of two-dimension

plied amount of InAs ', However, good agreement was not observed between

estimated two-dimensional layer thickness and luminescence wavelength which

obscrved by photoluminescence excitation(PLE). In our case, the Inis layer

ness was varied systematically from 1.0 to 2.0ML. The optical properties

of InAs grown layer is very sensitive to the layer thickness because the density

80



PHOTO CURRENT [nA]

800 000 1100 1200
WAVELENGTHnm]
Fig4-11 PC spectrum of 2ML-thick InAs. Two absorption peaks of two-dimensionally
and three-dimensionally grown InAs are observed.

of InAs island can be changed from 0 to 10"cm™? in this region. As resnlts of

EL, luminescence from two-dimensional layer hesides that from InAs QDs was
observed when the InAs layer thickness was 2.0ML. and the peak wavelength was
the same as those which were observed when the InAs layer thickness was 1.0
~1.5ML. Thus, we can deduce the thickness of two-dimensional layer of 2.0M.
grown InAs to be almost 1.0ML.

4.6 Photocurrent spectroscopy

Photocurrent spectrum is shown in Fig.4-11. One can see that photacurrent

decreases as the wavelength of the input light increases because the absorption

edge of GaAs in this region. llowever, apparent that there are two more
absorption peaks at 1000 and 1080nm. These peaks are considered to be related

1o InAs flat layer and InAs QDs, respectively as those obscrved by EL.
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4.7 Discussion

From optical the behavior of lumi spectra from InAs
strongly depends on InAs layer thickness. Here, the peak wavelength is discussed.

Figure 4-12 comparcs the peak wavclengths or photon energies of PL, EL and
band gaps of clectron and heavy hole in GaAs/InAs/GaAs SQW calculated by
effective mass approximation. Strain induced band gap and band offset for InAs
were taken into account by model of C.G. Van de Walle 2. Electronic parameters
used in calculation are summarized in Table 4-1 29,

One can sce the photon energies of PL and EL from two-dimensional layer
are slightly higher than calculated energies. Although EL photon energy agrees
better than PL, current flow in EL chip may increase the temperature higher
than RT. It is suspicious whether effective mass approximation is valid for such
thin layer, however, if we assume it is valid, another reason for the discrepancies
st be considered.  One reason is the surface segregation of In. It is generally
known that In atoms in InAs layer segregate into upper GaAs during cap layer
growth %3, Replacement factor R, which indicates that R fraction of In atoms
in one layer are replaced with Ga atoms in upper layer, is estimated as high as
80% at growth temperature higher than 500°C in MBE. Thus, it is considered
that certain amount of In atoms not more than 80% scgregate at 480° which is the
growth temperature in this study. Band structure of GaAs/InAs/GaAs SQW is
modificd by segregation as illustrated in Figs.4-13 and energy states in modified
band gap becomes larger than that without segregation.

In case of two-dimensionally layer, layer thickness is less than 2ML, thus, InAs
layer is likely to disappear when segregation occurs. However in case of island,
In atoms which are far from surface are not concerned with segregation. Fur-
thermore, strain which is one of the driving force of segregation is lower at island
surface than in two-dimensional layer as calculated in ch..,m:; In this case, s

regation at island surface it ed. From these i In

becomes less important for island than that for two-dimensional layer.
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Fig4-12 Peak wavelengths of PL and EL. Theoretical calculations based on effective
mass approximation taking strain into account are also plotted for comparison.

Table 4-1 Electronic parameters used for quantum energy calculation 2. E, band
gap energy, Ao spin-orbit splitting energy, a, deformation potential of valence band, a
deformation potential of band gap, b shear deformation potential, m, effective mass of

electron, myy effective mass of heavy hole.
E,[eV] AoleV] | avfeV] [aleV] [bfeV] [ melmo) | manlmo

Ins [ OA180OK) f o581 00 | 608 |18 | o022 | 035
0.354(RT)

Gans [ 1S1T09K) | o34 | 116 | 833 |17 | 0068 | 050
1424(RT)
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13 Band structures of GaAs/InAs/GaAs SQW without(a) and with(b) In segre-

The photon energy of PL and EL from island is much lower, in other words,
the wavelength is much longer, than calculated one for two-dimensional layer.
Naturally, this discrepancy has its origin in the difference of quantum structure
shape between three-dimensional island and SQW. As revealed in chapter 2, is-
land hight is about 30A . Calculated photon energy from 30A -thick InAs SQW is
0.80 and 0.74eV for 10K and RT, respectively. Fven one takes segregation effect
into account, the observed photon energy is much higher than calculated value.
This disagreement does indicale the existence of lateral carrier confinement abil-
ity of InAs island. Therefore it can be deduced that self-assembled InAs island

has a nature of QD.



4.8 Summary

The optical propertics of coherently grown InAs un Gais was investigated by
various spectroscopies.

PL showed that luminescence spectrum strongly reflects the structure of lnAs.
Sharp peak with FWHM of 10meV was observed while two-dimensionally growth
occurs(<1.5ML), on the contrary, broad peak was seen when the layer thickness

is larger than 1.5ML where InAs islands were formed. The PL intensity bece

weak while the peak wavelength remains the same when the misfit dislocations

were generated. Although the precise origin is not clarified. the P1. from InAs is-

lands has polarization property along [110] direction which is the longest dircction
of istand.
Almost the same results were obtained by El. spectroscopies of pin photo

diode with InAs active layer. ‘The high luminescence capability of InAs island

was shown. By increasing injection current, luminescence from 1ML-thick two-
dimensionally grown layer beside that from island was obscrved when InAs layer
thickness was 2ML. Therefore the fact that island incorporates the atoms al
ready grown two-dimensionally was revcaled. PC spectroscopy result supports
this modified SK growth modes of InAs on Gads.

The segregation of In into GaAs cap layer was indicated by compa

of peak

wavelength of experiment and calculation based on effective mass approximation.
Since the wavelength of luminescence from islands was much shorter than that
calculated for SQW assuming the well width is cqual to island height, InAs islands

have nature of QD.
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Chapter 5

Dislocation suppression in InAs
grown on GaAs by using

misoriented substrates

5.1 Introduction

In latti i hed itaxial growth, misfit dislocation is inevitable

problem to obtain optimal electrical and optical properties of material. Genera-

tion and behaviors of various dislocations are very important subjects to inv

gate heterocpitaxial growth mechanism ). On the other hand, the suppression

of the dislocation generation enables material applications to extend the synth

sis of devices employing stained layer. Thus far, several works on the dislocation
characterization and the theoretical prediction of a critical layer thickness have
been reported 117, However, all of the theories for the critical thickness are

based on the continuum calculation, i.c., the macroscopic approach. It would not

be applicable to the system in which the layer thickness is very thin and/or steps

exist on the substrate and interact with the dislocations.

As revealed in previous chapter. the optical praperty of QD using self-asseibled

InAs islands is drastically degraded by misfit dislocation. To suppress dislocation
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generation in InAs island is one of the prerequisite works to utilize InAs island
to QD devices.

In this chapter, we grow InAs layers on the misoricnted GaAs substrates by

MBE and investigate the misoricntation effect on dislocation behavior and the
critical thickness by PL and TEM.

To investigate the interaction between step and dislocation on misoriented sub-
strate, the strain energy was calculated based on the VFF model taking account
of the interaction of the dislocation and the step on the substrate surface. As
results, we show that the step at helerointerface works to suppress the generation

of dislocations.

5.2 Experimental setup

The samples were grown by a MBE system as referred in chapter 2. Five
ted, 3.5°
misoriented toward [110] direction, 3.5° misoriented toward [110] direction, 5.0°

different sen

wsulating GaAs substrates were used: (001) just-ori

misoriented toward [110] direction, and 5.0° misoricnted toward [110] direction.
All the substrates were mounted on the same molybdenum holder soldering with
In and grown simultaneously to avoid influences caused by different growth con-
ditions.

On these substrates, at first 1000A-thick GaAs buffer layers were grown, then
1~6ML InAs layers, and 100A-thick single crystal GaAs cap layers were grown
successively. Growth rate was fixed at 0.7ML/s for GaAs and at 0.2ML/s for
InAs. Throughout the growth, As pressure was fixed at 1.0x10"* Torr. The
V/II flux ratio was 3 for GaAs and 10 for InAs.

To investigate crystalline quality of the samples, we measured PL and per-
formed plan-view TEM Lo observe dislocation images.



5.3 Experimental results and discussion

5.3.1 Photolumi

IMLL.
cach spectrum has its peak at 850nm and the FWHM is very narrow as SmeV(Fi

The results are shown in Figs.5-1. When the InAs layer thickne

1(a)). There is no significant difference among all spectra. Peaks shift to the
thick-

nes s 2ML, asseen in Fig.51(b). These PL propertio were explsind in chapter

lower energy and FWHMs become wider(~80meV') when the InAs laye

1. Figure 5-1(c) shows the results when the InAs layer is 4ML. Th

thought to be beyond the critical thickness as for the sample usi
substrate ®. As can be seen, both
3.5° and 5.0° misoriented toward (110} dir
ing substrates j

direction. The island size may be smaller in those samples. The FWHMs are

n peaks of samples using substrates
ion appear on the higher encrgy side

than those of samples L-oriented or misoriented toward (110]

almost the same as those of 2MLs. When the InAs layer thickness becomes SML.

the PL was observed only from samples using the substrates od toward
[110) direction. No luminescence was observed from all 6ML InAs samples.
5.3.2 Tr issi 1 i observation

Figures 5-2 show the plan-view TEM images of 5Ml.-thick InAs layer. In

5-2(a), (), and (e), many moiré patterns are seen. The dislocation length
is finite as seen in Figs.5-2. Contrast to the Figs. 5-2(a), (c), and (¢), very
few moiré patterns can be seen in Figs.5-2(b) and (d). Instead of moiré fringes,
many dotted images are seen in Figs.5-2(b) and (d). These are InAs islands

coherently grown with the lattice constant of GaAs substrate. Although these

samples were grown simultancously, there is a great difference in misfit disloca-
tion density among five samples. The dislocation profiles are listed in Table 5-1.
The number of the misfit dislocation of the sample using GaAs substrates 3.5° or

5.0° misoriented toward (110] direction are almost the same as that of sample us-
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Fig5-1 Observed PL spectra. Thickness of InAs is (a)IML. (b)2ML, (cMML and
(d)SML.



4[ (170)

10004 «—0
(110)  [001]

Fig.5:2 Plan-view TEM images of SML-thick InAs layer. (a)substrate just-oriented.
(b)substrate 3.5° misoriented toward (110] direction. (c}substrate 3.5° nted to
ward [110) direction. (d)substrate 5.0° misoriented toward [110) direction. (e)substrate
5.0° misoriented toward [110] direction
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‘Table 51 Dislocation density at InAs SML measured in Figs.5-2.

SUBSTRATE
JUST- .
3.5°[110)¢ .5°(110)¢ (1ol .0°[110]
ORIE
" 160 8 202 12 220
[0

* Observed area is 115004 x8900A

ing just-oricnted substrate, while the samples using GaAs substrates 3.5° or 5.0°
cction are much less in the number of the misft dislo-

oriented toward [170]

iented substrate. [n other words, the critical

han the sample using just

s of the InAs layer grown on the GaAs substrate 3.5° or 5.0° misoriented
toward [110] direction is not different from that of the InAs layer grown on the
GaAs just-oriented substrate, while the critical thickness of the InAs layer grown
on the GaAs substrate 3.5° or 5.0° misoricnted toward (110] direction becomes
thicker than that of the InAs layer grown on the GaAs just-oriented substrate.
The ratio of dislocation density between the samples misoriented toward (110]
and [110] directions is about 20:1. Although there is a large difference of dislo-

cation density with respect to the substrate misorientation direction, significant
difference of dislocation density with respect Lo the substrate misorientation angle
cannot be recognized.

We observed the pla

iew TEM images of 2ML and 6ML-thick InAs samples

using cach substrate. In 2ML samples, many InAs islands were seen. On the

contrary, there exist many misfit dislocations in all the 6ML InAs samples.

5.3.3 Discussion

1tis considered that the misfit dislocation is generated during the InAs layer

growth. i.c.. before the cap layer growth and thus the GaAs cap layer is not

9



concerned with the generation of the misfit dislocation. The result that the

PL was not observed from all GML InAs samples agrees well with the plan-

view TEM result, i.e., there exist many mishit dislocations in the grown |

3

which act as non-radiative centers. The PL peak intensity of the 1ML-thick lnAs

grown on the GaAs substrate 3.5° misoricnted toward [110] direction is 10 times

larger than those of other 4ML-thick samples. llowever, the reason is not certain.

‘Thus, some farther investigation would be required to see influences by the (110}
misorientation by 3.5°, although they are considered less relative to those by the
[170) misorientation.

In practical, it is considered that the precise value of critical thickness can not

be measured in ML order, since the onset of the dislocation gencration does not

oceur uniformly in the growth plane and there is some fluctuation. ‘Thus, if we as.
sume that the dislocation density represents the rate of dislocation generation, the
critical thickness of the InAs layer is 3ML on GaAs substrates just-oricated and
3.5° and 5.0° misoriented toward [110]
3.5° and 5.0° misoriented toward (110] direction is ~5ML from PL measurements
and TEM observations.

From investigation of AFM in chapter 2. dislocations were found in large islands

n, whereas that on GaAs substrates

rather than small island. Thus, the difference of dislocation density in Figs.5-2
can be attributed to the difference of large island density, i.e., the large islands are
ted and 3.5° or 5.0° m

ward {110] direction than in samples grown on substrates 3.5° or 5.0° misoriented

riented to-

more in samples grown on substrates just-ori

toward (110] direction. As described above, small islands are more in samples
grown on substrates 3.5° or 5.0° misoriented toward [110] direction. From these
observations, it is considered that the InAs small islands are hard to coalesce cach
other to form large islands on substrate misoriented toward (110} direction. The
shorter PL peak wavelength of samples using substrate misoriented toward [110)

ion of the small

direction at 4ML shown in Fig.5-1(c) can be explained by isol:
island rather than coalescence growth. However, since in-situ RHEED obscrva-

tion showed that the onsets of small island formation arc around 1.8~2.0ML for
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all samples. the thickness at which siall islands are formed is not affected by the

isoricntation.

crepancy of critical thickness on differently misoriented substrates can

be explained by growth kinetics, qualitatively. Considering that A-step appears

preferentially on substrate misoriented toward {110] direction while B-step on

substrate u uted toward [110] direction and that the step front lincarity is
bigher in A-step ¥, it is thought that favorable sites for InAs small islands are
) substrate misoricnted toward [110] direction because the num-
1 kink site
d [110] directio
ented toward [110] direction is considered t proceed by

e grea

hers of the step s are greater than those on substrate just-oriented

isoricnted tow; Therefore InAs growth on GaAs substrate

wri creasing the der

ity of small d not by coalescence to form large island in which dislocations

ated, The small island density at 5ML-thick InAs grown on substrate 5.0°

ated toward (110] direction is 3.2x10Mem™2. This value is about three

times larger than that at 2ML(11x10"em~?). Suppose that certain amount

covers the GaAs

of InAs tw

Al layer, in other words, we

lay

surface, and then almost al atoms which are supplied during three-dimensional

growth contribute to formation of small island. When the island density becomes

so large that the island coalesce each other. the large island are formed and the

dislocations are gencrated in it.
5.4 Calculation of strain energy and discussion

5.4.1 Calculation of strain energy on misoriented sub-

strates

As shown in previons section, the growth mode is different among just-oriented

and two kinds of misoriented substrates and then the critical thickness on sub-

strate misoriented toward {110 direction is thicker. However. it is considered

that the genevation and behavior of dislocation on misoriented substrate are not

the same as that on just-oriented substrate. Here. we show the calculation of
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the strain energy by VFF model "9 as a function of the dislocation length by
taking the step-crossing on the substrate surface into account. Basic concept of
VFF method has been described in chapter 3.

In the calculating process, periodic boundary condition was taken with assum-
ing that the unit crystals (26ML-width x 64ML-length x 6ML-height) lic side by
ig.5-3. Although the
experimental results show that the InAs grows three-dimensionally abe
1.8ML, we took the unit crystal to be two-dimensi

side in the growth plane. The unit crystal is illustrated in
U after

nally to focus the discussion on
the interaction between step and dislocation. The peri ity of 26ML is selected
for th i ion of the latti i hing between InAs and GaAs. in other

words, dislocation should be generated at certain periodicity which corresponds

to the least common multiple of the lattice constants of InAs and GaAs. On t

other hand, 64ML-length is limited by hard ware. though the larger the perios

icity, the longer dislocation we can calculate. The crystal size in the calculation

was fixed regardless of the substrate misorientation. The InAs layer thickness is
SML and below the InAs layer there exists |ML-thick GaAs layer. The atoms of
this layer can move Lo relax the strain, but the lower side of this layer wa

at GaAs lattice constant. The surface of InAs is covered with As with

ation of the As-rich growth condition. To investigate the inl ce of s
misoricntation, we adopted 3.0° and 5.0° misorientation toward (110] directi
and then the terrace width becomes 32A(8ML) and 52A(13ML), respe

The misorientation angles have to be the same as experimental conditions, but

the terrace width of 3.5° misorientati
the 64ML-length unit crystal. The step is considered to be one molecular layer
height. The dislocation is supposed to be an edge dislocation consisting of a pair
of 60° type dislocations as observed by TEM and is set along the [110] direction
5o that the dislocation crosses steps. Both sides of edge dislocation become 60°

s 11.5ML which is nol appropriate to

or a screw type of dislocation and go out to the surface as illustrated in Fig.5-4.
The term, dislocation length. used in this chapter means the length of the edge
part of the dislocation. To set this type of dislocation in the unit crystal, we
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InAs
SML

Ga As
I ML

[0}

Fig.5-3 Unit crystal to calculate the strain energy with VFF model.

““I‘I_“l;[u'n

Fig51 An edge dislocation consisted of a pair of 60° dislocations suppased for the
calculation.
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assumed the followings.

1. The center of the edge part of the dislocation is set at the center of the

crystal as long as the cross point of dislocation and step is minimized.

2. The dislocation runs in the interface plane: it docs not run through the
GaAs or InAs but bends itself along the

erface when the dislocation

comes across the step.

The first assumption can be followed from the periodical structures being made
up with the unit crystals. The sccond assumption is understood from the fact
that the strain energy for the bent dislocation is far less than that for the non-bent
dislocation.

Figure 5-5 shows the calculated strain energy averaged per one atom in the

5ML as a function of the dislocation length. First, we examine the results of the

just-oriented substrate case. One can see that the strain cnergy with the finite

long dislocation is larger than that without dislocation, when the dislocation
Ky
hout the dislocation. Finally, the

length is relatively short. As the dislocation length increases, the strai

decreases and then becomes lower than that

strain energy is considered to asymptote 78.4mcV which is the strain encrgy with
the infinite long dislocation. This result indicates that the dislocation would not

the dislocation length is short. In other words, the dislo

be generated whi
needs a certain minimum length to exist stably in a certain thickness of the grown
layer. In the case of SML-thick InAs grown on GaAs, the minimum dislocation

length is about 1684, corresponding to 42 in unit of ML, from Fig.5-5.

Contrast to the just-oriented substrate, the strai

in the misoriented substrate. The strain energy i

dislocation lengt renses overy

substrate

8ML or 13ML which correspond to the terrac th of the misori

by 5.0° or 3.0°, respectively. 1t is seen in Fig.5-5 that the decreasing slopes are

is

g cach stage. Th

almost the same as that of just-oriented substrate di

considered that the extra strain encrgy is generated when the dislocation crosses

iigure 56 shows the st

the step on the substrate. in energy difference between
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InAs layers grown on just and misoriented substrates. From Fig.5-6. extra strain

energy generated al each crossing is 1.5meV regardless of the misorientation angle.

Thus, the steeper the misorientation angle is, the larger the strain encrgy becomes,

tation angle. The steain

because the step density increases with the mi

energy with the infinite dislocation on the substrate is
by a total of Lhe cxtra strain energy at steps and the strain energy relaxed with
the edge part of the dislocation.

The origin of the extra strain cnergy is explained in Fig.5- where the strain

ed and

energy distributions in the grown layers of two samples using just-ori

dual circles

5.0° misoriented substrates are shown. In Figs.5-7(b), the radi of indi

represent the magnitude of the strain cnergy accommodated in correspondi

cach atom. The radi are normalized with a certain scale. Most of the strain is
accommodated only in the atoms around the dislocation in case of just-oriented
substratc. On the other hand, when the substrate is misoriented, the str

v
is accommodated in the atoms along one slip plane besides the atoms around
the dislocation, and the total amount of the strain is greater than that of just-
oriented case. Here, we consider the strain generation at the step with Fig5-
7(c) ™. The edge dislocation 1 consisted of a pair of 60° dislacati
(110] direction at first. However, the dislocation 1 bends to [101) di

s runts along

Lion and

becomes screw dislocation Lo cross the step on the substrate surface. Finally, the

screw dislocation bends to [110] direction again and becomes the dislocation 2

to run along the growth plane. In this process, onc of the two slip planes must
change as depicted in Fig.5-7(c). This change of the slip planc is the origin of

Although we assumed that the
Its in the change of the right hand

the extra strain energy on crossing the stej
dislocation 1 bent to [101] direction which re
side slip plane in Fig.5-7(c), there is no necessity for the dislocation 1 to bend to
{101] direction. In the case of the dislocation 1 bent to (011} direction, the left
hand

Next, we calculated the strain energy in the grown layer as a function of InAs

e slip plane would change which produces the same extra strain cncrgy.

lager thickness. A pair of infinite 60° dislocations running along (110] direction
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SLIP P'I.ANE 1,2

DISLOCATION 1 : SLIP PLANE 2
SLIP PLANE I

joor}

(c)

Fig5-7 Atom arrangement and the strain energy distribution. (a) Atom arrangement
viewed from (110] direction. (b) Strain energy distribution in the grown layer. Each
plane is indicated in Fig5-7(a). The radius of the individual circles represents the
magnitude of the strain energy. (c) Dislocation bend and the change of the slip plane.
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.5-8 Calculation results of the strain energy per atom against the InAs layer 1
ness. The cross points of the strain cuergies with and without dislocation are the critical
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and [110) direction substrate misorientation was supposed. Figure 5-8 shows the
calculated results. In the figure, strain energies with dislocation are larger than
that without dislocation while the InAs layer is thin in both cases. However, the
situation changes with dislocation as the InAs layer thickness increases. The cross
points of strain energies with and without dislocation are the critical thickness
deduced from our model. From Fig.5-8, the critical thickness of IniAs grown on
iented GaAs substrate is 4L, and that on GaAs substrate misoricuted by
5.0° or 3.0° is TML or 5ML, respectively. One can see that the strain energies

Just-

without dislocation are not different with respect to the substrate misorientation
angle, but the strain energics with dislocation largely depend. This difference
is caused by the step density difference between two misorientation angles. The

strain energy with dislocation of InAs on steeply misoriented substrate is larger

than that on gently misoricnted one. Thus, the critical thickness isoriented

substrate becomes thicker by the generation of the extra strain energy al step.

5.4.2 Discussion

From the calculation of the strain energy, it was [c
with infinite dislocation on misoricnted substrate is thicker th:
oriented substrate. Here, we consider the critical thickness of finite dislog

that on just-

on misoriented substrate. As mentioned above, there is the minimum disloc

length under which dislocation cannot exist stably. If misoricntation angle

small and the terrace width is larger than the minimum dislocation length, the

situation is the same as the just-oriented substrate. Thus, the critical thickness

is not increased. However, when the terrace width is less than the minimum

dislocation length, the dislocation has to cross the step. As the calculated result

indicates, the extra strain energy(about 1.5meV) is generated for the dislocation

1o cross one step. As the minimum dislocation has to cross five or three steps, 7.5

or 4.5meV extra strain energy is generated in case of 5.0° or 3.

respectively. The maximum strain relaxation by inisfit dislocation,



the energy difference between without dislocation and with infinite dislocation is
about 4.5(78.0-73.5)meV as scen in Fig.5-5. The strain relaxation is nearly equal
n of

or less than the extra strain energy. Thus, no strain is released by generati
misfit dislocation and dislocation would not be gencrated.
wlati

n, however, the dislo-
it

Comparing experimental results and computer si

cations are generated regardless of the substrate n once the large

islands formed, though the extra strain energy plays important role when the

substrate is misori . The two-dimensional unit crystal model we Look does

not fit to the experimental three-dimensional growth. In the two-dimensional

growth, the strain cuergy increases monotonically with the layer thickness un-

Ll the generation of dislocation. On the contrary, in three-dimensional growth,

the strain cnergy increases drastically at the coalescence of the coherently grown

islands ecause the volumie of the coherently grown island increases and elastic

in the lateral directions becomes less effective. 1f the drastic
rgy accu
foree of dislocation generation, may greater than the extra strs

stra

erease of the strain

lated in the island, which works as the driving

energy caused
by the interaction between dislocation and step, the suppression effect of the
dislocation by misoriented substrate may be concealed. Recently, A. Trampert
ot al. reported the two-dimensional growth of InAs on GaAs over 35MLs and
they observed Lomer-lock type dislocations at the interface 2'). In this case, the

substrate misorienta

u effect on suppression of dislocation generation by extra

strain energy may be obscrved.

Another consideration about insufficiency of VFF model is the misorientation

direction dependence of critical thickness increase.  This problem may be at-

tr

uted to the different properties of two orthogonal dislocations. It is well

known that two types of like-sign dislocations in zincblende structured crystal,
i.c.. @ and g dislocations are not chemically equivalent %, Since the VFF
model can calculate only the strain energy, the chemical property of the disloca-

tion. for example energy of dangling bond at dislocation core, cannot be taken into

account. It is observed that the mobility of a dislocation s greater than that of 3
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dislocation, which results in the anisotropic dislocation density. K.L. Kavanagh
ct al. showed by TEM that 60° a dislocation forms first in one <110> direc-
tion in InGaAs/GaAs. T. Okada et al. observed anisotropic
InAsP/InP with 60° misfit dislocation predomin;

than (110] direction. Because the dislocati

ain relaxation in

tly atong (110] direetion rather

0 core structures are not clear in our

experiment, we cannot specify the dislocation type to be a or 4. Ilowever, if the

dislocation

on the glide plane, the dislocation along [110] dircction is specified
1o be a dislocation. In this case, the dislocation along (110) direction is likely to

be generated primarily from the above discussion. Then VFF m

1 can explain

the anisotropic substrate misorientation effect on the crit
dislocation along (110] crosses step only in the case of substrate misor
toward (110] direction.

5.5 Summary

In summary, we have studied the critical thickness of the MBE grown InAs
on GaAs substrates just-oriented. 3.5° and 5.0° misoriented toward [110) and
{110] directions. PL measurements have shown that 1. 2ML-thick Ins layers

grown on each substrate arc almost the same properties. loweve

when the InAs

layer thickness is 4ML, the peaks of samples using substrates misoriented toward

[110] direction has been blue-shifted, and moreover when the InAs layer thickness
is SML, luminescence have been observed only from samples using substrates
misoriented toward (110] direction.

TEM observation of SML InAs has shown that the

ence of dislocation density among the samples; the dislocation d

c has been a large differ-

ies of the

samples using substrates misoriented toward (110] dircction are aln

as that on the just-oriented substrate, while the dislocation de
ples using substrates misoricnted toward [110] direction are much lower than that

on the just-oriented substrate. The increase of critical thickness is the result of

the suppression of the coalescence of coherently grown islands on the substrates

107



misoriented toward (110] direction.
To investigate the interaction between dislocation and step, we have calculated
the str

energy in the grown layer based on the VFF model and found that 1)
um length above which dislocation can stably exist and 2) extra
strain cnergy is gencrated when the dislocation crosses the step on the substrate

there is a mi

surface. From the caleulation results, we have indicated that the extra strain
energy plays an important role to the increase of the critical thickness of the
InAs grown on misoriented GaAs substrate.

The result that suppression of dislocation generation by substrate misorienta-

tion toward (110] direction is important information for realization of QD devices

by InAs sell-assembled island.
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Chapter 6

Growth of AIP/GaP ordered
and disordered superlattices and

their optical properties

6.1 Introduction

QW and SL, are the most widely fabricated and investigated their optical prop-
crties among several kinds of quantumn structures. In such structures, diffcrent
materials are grown alternately to confine electrons and holes or to form sub-
QWs and SLs.
fabrication process is much casier than that of QWW or QD. On the contrary,

bands. Since potential is modulated in only one dimension

the quantum effect induced in QW or SL, is not so high comparing with QWW

or QD. In such one dimensional quantum structures, it is usual to cor

ar-
iers in space where the potential is lower than other space. A. Sasaki et al.
have proposed a completely different concept of quantum structure called disor-
dered crystalline semiconductor to enhance the quantum effect V. A disordered
suporlattice(d-SL) is an example of disordered crystalline semiconductor. In d-
SL. two constituent materials have a random arrangement in the layer Uhickness

in contrast to the conventional ordered superlattice(o-SL.) in which the arrange-




ment of two materials are regularly ordered. Thus far, experimental investigation
of d-SL has revealed that d-51. has ability to improve the luminescence efficiency

of indirect band gap semiconductors, such as $iGe, AlGaAs and AIGaP *19. The
enhanced luminescence efficiency by d-SL has been discussed in terms of carrier

localization induced by the artificially disordered potenti

arrangement.
“The carrier localization and enhanced luminescence efficiency caused by artifi-
cially disordered structure is not only unique and interesting physical phenomena

but also important merits for devi ication. Since AIGaP alloy has the widest

band gap in the zincblende structured 111V semiconductors(2.26~2.45¢V, RT),

this material is expected for light-cmitting devices covering from orange to green
colors. However, the band structure of AIGaP is indirect with the conduction
band minimum at X point. ‘Thus far, improvement of luminescence efficiency

has been predicted by making short period SL in which zone-folding and band

mixing effect occurs 1#19). Several groups have grown AIP,/GaP, short period
SLs "™, They observed the luminescence and peak shift as the SI. period
changes. However, it has been also found that the luminescence intensity drasti-
cally decreases for n<3ML. M. Kumagai et al. have calculated the band structure
of AIP/GaP short p SLs and showed that the indirect-direct transition does
not occur for n<SML '), C.H. Park et al. have also predicted that the band struc-

ture becomes indirect for n<3ML '), Considering low luminescence efficiency of
AIP,/GaP,(n<3) 0-SL, it seems important o investigate optical property of
short period d-SLs. Thus far. we have investigated AIP,,/GaP,(m,n=3,6.9) d-SL
in which m and n takes 3, 6 or 9ML, randomly and have found that the PL and
EL intensities are greater than those of the AIPs/GaPs o-SL and AlosGaosP
bulk *19). However, the wavelength of AlPa/GaP,(in,n=3,69) was 600nm. If

the luminescence wavelength of d-S1, becomes shorter, green light-emitting device

can be realized. Two methods are considered to obtain luminescence of shorter
wavelength. One is to reduce the SL period and another is to change constituent
‘material in which band gap is larger.

In this chapter, AIP/GaP short period o and d-SLs were grown by OMVPE
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‘Table 6-1 Typical growth condition of AIP/GaP SLs used in this study.
pressure 760Torr
H, flow 5slm
H, velocity 8.5cm/s
growth temperature | 720°C
v/ 50
growth rate 140A(GaP)
147A(AIP)
growth interruption || 25

using tertiarybuthylphosphine(TBP) where SL period was changed to investigate
PL properties. PL properties of d-SLs are compared with those of 0-SLs.

6.2 Growth procedure and experimental setup

The SLs were grown by atmospheric OMVPE. Schematic iflustra

OMVPE system used in this study is shown in Fig.6-1. The phosphorous

was TBP. The decomposition temperature of TBP is several hundred *C: lower

than that of conventionally used PHy, in addition o the fact that the to
of TBP is much lower than that of PHy 2. Trimethylgallium(TMGa) a
trimethylalminum(TMAI) werc the group Ill sources. The substrates were §-
doped GaP nominally (001) just-oricnted. Impurity concentration of substrate
is 5x1017/cm®.  After etching by HNO:HCL:H,0=1:2:2 at 55°C, the substrate
was further dipped in the (NH,);S; solution to passivate the surface by sulfur.

By simultancous use of TBP and (NH,),S, treatment, the AlGaP epitaxial layer
",

with a good surface morphology can be obtained at low growth temperature ™

The smooth substrate surface and low growth temperature are essential to achieve
abrupt SL interface. Typical growth condition is summarized in Table 6-1.

At first, 0.3um-thick GaP buffer layers were grown on GaP substrate and then
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Fig.6-1 Schematic illustration of OMVPE system used in this study.
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SL layers were grown 0.5um. To achieve abrupt interface, the growth interruption
of 25 was introduced at each interface. Finally, 300A-thick GaP cap layers were
grown. The SL periods were controlled by the gas flow time of group 1l source.

In the growth of AlPm/GaP, d-SL(m = hy k.l and n = hykyl,), we adopted
the linear congruential method to determine the layer thickness m and n as fol-
lows.

Zn = 2oy X 1534 7391(n = 1,2,3,-+) (6-1a)
=19 (6-1h)
M =576 (6-1¢)
£, = mod(z,/M) (6-1d)
Xo=2a/M (6-1¢)

where X, represents a random value uniformly distributed between 0 and 1.
Then, layer thickness is given by classifying X, into three regions from following
equations:

u<x..<%~-»|.|,l., (6-20)
1 2

F<Ka<ghik (6-2b)
§<X.<l~-l.,l1 (6-2¢)

Using this process, we can get layer thickness of h, ki, and 1(i= 1,2) with equal
appearance probabilities. The layer thickness coml
among (1,2,3), (2,4.6) and (3.6.9). In these combii
is 2, 4 and GML, and devi

3ML, respectively. Thus, three kinds of d-SL such as AIP,/GaP, where mn

ion of d-SLs was varicd

tions, average layer thickness

s from average layer thickness hecomes 1, 2 and

=(1,2,3), (2,4,6) and (3,6,9) have similar randomness in structure but only the

periods are different, Example of disorder pattern generated by above sequence

is shown as a conduction band structure in Fig.6-2.
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Fig6-2 Example of disorder pattern as a potential of conduction band.

For comparison with d-SLs, AIP,/GaP, 0-SLs where n=2, 4 and 6 were also
grown.
“The structural propertics of Lhe grown SLs were characterized by X-ray diffrac-

tion method. The optical properties were characterized by PL at low

The excitation source was Ar-ion laser operating at UV-region(333.6-363.8nm).
The excitation power density was 300mW/cm?. Luminescence was detected by

photo multiplier.

6.3 Experimental results and discussion

6.3.1 Structural ch ization by X-ray diffi cti

Figure 6.3 shows the 0-20 X-ray diffraction patterns around (002) of AIP,,/GaP,
(m0=1,23) d-SL and AlP,/GaP; o-SL. The diffraction pattern of AIP,/GaP,
(m.n=1.2.3) d-SL is characterized by many sharp peaks, whereas that of AIP,/GaP,
o:SL, shows clear %15t order satellite peaks. T
uess of AlP3/GaPy o-SL are estimated by folloy

verage heterointerface rough-
n ).

ng equation

fw = 26t(2cos05A%,)™" (6-3)
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(002) AlP/GaP, d-SL
m,n=1,2,3
X 1000 X 1000
E. Ml
£
‘2 AIP,/GaP, 0-SL
w
=
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_L_AII||I|||_||||||I|||
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26[DEG.]

Fig63 (002) 620 diffraction patterns of AlP/GaPn (mn=123) dSL and
AlP3/GaP; o-SL.



crface roughness, dw the FWHM of the satellite
peak, ) the wavelength of X-ray. Oy the Hragg angle of the substrate, and Asy, the
S1. period. From Fig,6-3, the FWHM of the -1st satellite peak of AIPy/GaPz o-SL
ns that the average heterointerface roughness is 0.1ML.

where 8t is the average heteroin

is 355arcsec which

licates the good quality of the hetrointerface. Although the char-

cteraing methor o htcrsitanfae roughnessfo d-SL has not been established

b and of i of d-SL are considered

yet, the

10 be as excellent as those of o-SL, because the growth conditions and growth

s are the same for all samples.

1 patterns of other o- and d-SLs show good abrupt heteroint-

erfaces and crystalline qualities.

6.3.2 Photolumi P

PL spectra of AIP/GaP o- and d-SLs are shown in Fig. 6-4. Sharp peaks
were observed from cach sample except for AlP;/GaP; o-SL. It is clear that the
peak wavelength decreases with reducing the SI. period in both o and d-SLs.
g PL spectra of d-SLs with
those of o-SLs which have the same average layer thickness as d-SLs, two features

However, the peak ies also decrease. Comp

are seen: 1)the peak wavelength of d-SL. is longer than that of o-SL and 2)the
peak intensity of d-SL i stronger than that of o-SL. These features have been
also observed with AlAs/GaAs o- and d-SLs 3.

At first, we consider the luminescence mechanism of o-SLs. It is notewor-
thy that the PL from AIP,/GaP; o-SLs is very weak. The peak at 560nm of
AlP2/GaP; 0-SL is inferred to be the DA pair recombination of $-
. § impurity may be introduced by TBP source. Since layer

very short as 2ML, one may attribute the poor PL property of AIP3/GaP; to the

imperfection of the SL structure. However. the fluctuation of the heterointerface

. IML as described above, then the i roughness is not
for the PL intensity. Next. band structure of short period o-SL should be consid-
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x20
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x1
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WAVELENGTH[nm]

Fig.6-4 PL spectra of AIP,, /GaP, d-SLs and AIP, /GaP, 0-SLs.
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ered. C.H. Parks et al. have calculated the band structures of AIP/(\P o-SL by
tight binding method '®. They shown that the band folded
AIP,/GaP,(n=12) is indirect and explained as follows. In zone-folded SL, there
are five conduction
from two X points in SL direction and four M, points which are unfolded X points
in the growth plane. When the layer thickness is considerably small, energy states

mum points, those arc one ['(X.) point which is folded

repulsion at the heterointerface is significant. At T point, energy states repulsion
mainly works between I'(X,) and T, which is valence band maximum and then
I'(X.) is raised. At the same time, repulsion also works between M, points and
another M paints folded from <101> points. Contrast to T point, M, is lowered
in this case. As results, M. becomes lower than T'(X.) and the band structure
remains indirect. However, we have no explicit proof that the luminescence from
AIP/GaP o-SL is a result of indirect-direct transition induced by zone-folding, in
spite of several intensive researches including other groups’.

In order Lo examine whether zone-folding occurs and it is responsible for the

luminescence, we grew an AlIPy/GaPy o-SL. and measured PL. When SL period
m+n of AIP,,./GaP, o-SL is an odd number, the folded X points does not come
to T point '), hence the band structure remains indirect cven when the zone-
folding occurs. Result is shown in Fig.6-5. Clear peak similar to AIP,/GaP,
and AlPg/GaPg is seen. A broad peak beyond 580nm is probably related to
complexes arising from $ and Ga vacancy and also observed from $-doped GaP
substrate ¥"). From this experiment, it is considered that luminescence is not
caused by zone-fol

. furthermore it is suspicious that zone-folding itself really
oceurs.

Since zone-folding effect is found less concerned for luminescence, another rea-
son of the lum
&
this case, the weak luminescence from AlP;/GaP; o-SL can be explained by the

cence from o-SL should be considered. From previous investi-

of AIP/GaP o-SLs. PL at low temperature was related (o exciton 2. In

charge transfer at heterointerface of AIP and GaP *). Exciton is considered to

be bound at the heterointerface. because SL structure of AIP/GaP is type-Il ®.
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0 550 ﬁﬁ 650

WAVELENGTH[nm]

Fig.6-5 PL spectrum of AIP,/GaPy 0-Sl..

In quite narrow layer such as | and 2ML, charge transfer phicnomena smears the
abrupt potential change between AIP and GaP and then the exciton does not

bound which results in the disappearance of luminescen

Contrast Lo the o-SLs, the strong luminescence from d-SLs indicates the en-
hancement of quantum eflect, Remarkable difference between Pl propertics of o-
and d-SLs is the fact that clear peak was obscrved from the AIP,, /GaP.,(mn=1,2:3)
4-SL, whereas that from the AIP2/GaP; 0-SL was not. Since AIP,,/GaP,(m.n=1.2,3)
d-SL contains 3ML-thick layer which is larger than 2ML, one might at the:
relatively large 3ML as a recombination center. However, as shown 6
4, the peak wavelength of AIP,./GaPa(m,n=12,3) d-SL is longer than that of
AlP,/GaP, o-5L in which the layer thickness is wider than 3ML. Therefore, lu-
minescence is not from 3ML-thick layer. The precise mechanism is ot clear, but
localized states induced by artificially disordered potential arrangement is likely
Lo formed. In such localized states, exciton is tightly bound. In Fig. 6-1. several
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peaks are scen from d-SL.s, and thus, several localized states in different energy
levels are formed.

Next, we investigated the temperature dependence of PL from d-SLs. Figures
66 show the PL spectra of d-SLs with various temperatures. As can be seen,
PL from d-SL becomes weak as increasing temperature. The longer wavelength
peaks are the same as that observed in Fig.6:5.

To discuss PL dependence more quantitatively, we plotted the

integrated PL
fitted by folloy

tensitics of the main peaks as a function of the temperature and
as in the case of AlAs/GaAs d-SL 2.

3
= T )

llere, Ipy, is the mugulcd PL intensity, /o a constant, A the ratio of probabili-

ties of i ination to radiation ination at OK, T the mea-
surement and Ty the ch isti Eq.6-4 is derived
based on the ion that the ratio of iati ination ps il

P to radiative recombination probability P, increases exponentially: Po/P, x
exp(T/To). The characteristic temperature To indicates the degree of evanes-
cence in luminescence intensity as temperature increases. Large To means that
the intensity of luminescence decreases gently as Lemperature increases. Figure
6-7 shows the fitted values of To as a function of average layer thickness. X.W.
Wang et al. have found that Tg of d-SL is larger than that of o-SL ®). Though the
average layer thickness is reduced, the change in Ty is small. Therefore, the result
that To does not change so much among three structures means that the ratio of
the ilities of di ination to radiative i also
does not change. The small change of To may be attributed to the strong carrier
localization in the d-SL.
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Fig.6-7 To as a function of average layer thickness of d-SLs.

6.4 Summary

We have grown AIP/GaP o- and d-SLs by atmospheric OMVPE and investi-
gated their PL propertics. The PL peaks of AIP/GaP o- and d-SLs shift to shorter
wavelength as the period decreases. The PL from AlP,/GaP, (m.n=1,23) d-SL
have been clearly observed though that from AIP;/GaP; o-SL which has the same
average layer thickness as the d-SL was not observed. The clear peak has been
observed up to 30K from AIP,,/GaP,(m,n=1.2,3) d-SL as well as (m,n=2,4.6)
and (mn=369) d-SLs. The PL integrated intensity does not largely change
by the reduction of the SL period. Though the luminescence wavelength of
AlPp/GaPy(mn=1.2.3)d-SL, whi
little bit longer than that from AIP/GaP, o-SL, persistent luminescence prop-
erty of d:SL was revealed.

h is the shortest wavelength from d-SLs, is
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Chapter 7

Growth of AlGaP/AlGaP
ordered and disordered
superlattices and their optical

properties

7.1 Introduction

In previous chapter, it was found that the luminescence efficiency of AIP/Gal

d-SL.is higher than that of o-SL. The improved lumiinescence property wis at

tributed to the localized states induced by artificially disordered material ar

nge-

ment. Since d-SL is characterized by the disordered potential arrs L it is

interesting to investigate the optical property with respect to the band disconti
nuity.
In this chapter. Al,Gay—P/GaP and AIP/ALGa,_,P o- and d-5

to investigate the PL properties with different band contin

s were grown

Because 1,
u
AIP/AIGaP SLs become shorter than those of corresponding AIP/Gal SLs as

of AIP/GaP is type-II, the luminescence wavelengths from AlGaP/C

shown later. The lumi of shorter length(500~55 from AlGaP
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system is expected for pure geeen light-emitting devices.

7.2 Growth and structural characterization

7.2.1 Growth procedure

Growth procedure of AIGaP/GaP and AIP/AIGaP SLs is the same as that
of AIP/GaP Sls described in previous chapter. Here, only the modified point
is described. Growth rates and V/III flow ratio are listed in Table 7-1. TMAI
flow rate was decreased, since Al solid state composition in AIGaP becomes con-
siderably higher than vapor phase composition TMAI/(TMAI+TMGa) ¥. Thus,
growth rates are slower than those for AIP/GaP SLs, especially for AIGaP/AIP
SLs. Source gas flow patterns are shown in Fig.T-1.

7.2.2 Structural characterization of AlGaP/GaP super-
lattices

In order to examine the structure of grown SLs, X-ray diffraction measure-
ment was performed. Here, the structural characterization of o-SLs is described
to simplify the discussion. Since o- and d-SLs were grown under the same con-
ditions except for growth time, structure of d-SL can be understood by analogy
with o-SL.

From X-ray diflraction measurement, we can obtain average Al composition
from Oth order peak angle and SL period from satellite peak angles. In case of
AIP/GaP, there are two parameters which characterize the SL structure, those
are, 1) SL period or total of layer thickness in one period of AIP and GaP and 2)
one of AIP or GaP layer thickness. Former parameter is obtained from satellite
peak angle and latter is obtained from Al composition. in other words, Oth order
peak angle. In case of AIGaP/GaP or AIP/AIGaP. however, SL structure cannot

be determined as precisely from such two angles only. Al composition of AIGaP
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Table 7-1 Growth rates and V/IIl flow ratio for AlGaP/GaP and AIP/AIGaP super-

lattiges
AlGaP/GaP AIP/AIGaP
AIGaP | GaP AP AIGaP
growth rate(A/s) | 128 110 046 ]046~0.74
v/ 45 50 455 125~190

GaP || AP GaP ||
TMGa O:
. (@
T™MAI
off
|
AP AGaP|| AP
on
TMGa
Z: (b)
TMAI
=l -
8P ON ] f

Fig.7-1 Source gas flow patterns for (a)AIGaP/GaP and (b)AIP/AIGaP SLs. THP was
supplied continuously.
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Fig.7-2 Combination of AlGaP and GaP layer thickness estimated by Oth and -1st order
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Relations between grown layer thickness and growth time of AIP and GaP layers
determined by X-ray diffraction of AIP/GaP o-SL. Growth delay time is longer for GaP
layer.
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layer is also necessary besides average Al composition. Without third informa-
tion, SL structure is estimated as certain combinations of GaP and AlGaP layer

thickness with various Al composition in AlGaP layers. Figure 7-2 shows the
combination of AIGaP and GaP layer thickness estimated from X-ray diffraction
of 3 0-SL, in which the nominal designed structure is (AlyzsGaozsP)s/(GaP).
Abscissa of Fig.7-2 represents the Al composition in AIGaP layer.

To specify Al composition of AIGaP layer, we adopted the growth rate of GaP
as third information. The growth rate of GaP is already known from X-ray
diffraction of AIP/GaP o-SLs as shown in Fig.7-3 and then, the layer thickness of
GaP can be estimated with the growth time. As a result, Al composition of AIGaP
layer is estimated as 0.75. This value is considerably higher than designed value of
0.25 which was confirmed by AlGaP alloy. Disagreement in Al comp

from the fact that this approach assumes that the Al composition is uniform in
one AlGaP layer. From the X-ray diffraction of AIP/GaP SLs, it was found that
growths of AIP and GaP delay at the beginning of each layer and the delay time
is longer for GaP as shown in Fig.7-3. These properties may arise from delay of
group Il source flow into the growth chamber. Therefore it is considered that
the Al composition becomes higher at the beginning of AlGaP growth. We have
cartied out simulations of X-ray diffraction patterns of AIGaP/Gal o-SLs based
on dynamical theory 2 assuming that thin AIP layer is inserted in front of AlGal”

layer. Figure 7-4 compares the experimental diffraction pattern and simulated

results. When no AIP layer is inserted, -2nd order satellite peak is not

simulated pattern, but experimental pattern shows. Comparing the
intensities of satellite peaks, we deduced that fractional layer of AIP i
between GaP and AlGaP layers.
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Fig.7-4 Comparison between experimental and simulation results of X-ray diffraction
patterns. Simulation was based on dynamical theory. The SL period and average Al
compasition was determined by experimental results.
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Fig.-5 Integrated intensities of satellite peaks in X-ray diffraction patterns. All the
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7.2.3 Structural characterization of AIP/AlGaP super-
lattices

From the structural characterization of AlGaP/GaP o-SLs, it was found that

fractional layer of AIP is inserted in front of AIGaP layer. In case of AIP/AIGaP

ce AIP

layer is one of the constituent layer of the SL. As a result, AP layer thickness

SLs, unintentional AIP layer does not cause serious structural change

is slightly increased. However, there is

ill ambiguity in Al composition of Al-
GaP layer. This time, we have simulated X-ray diffraction patterus of several
AIP/AIGaP o-SLs. The combination of AIP and AIGaP layer thickn
Al composi

csses and

n AlGaP layer were determined by peak angles of experimental

diffraction pattern similar to Fig.7-2. Figure 7-5 shows the integrated intensi-
ties of Oth through -3rd order satellite peaks. Intensities are normalized by Oth
order peaks, respectively. One can see that the intensities of -1st order satellite
peak decrease as Al composition increases. This is understood as follows. Oth

order peak is related to the average Al composition in L, and the intensity does

not depend largely on Al composition. On the other hands, -1st order sate

peak arises from the difference in scattering factors of AIP and AlGal. Si

difference of scattering factor decreases and the satellite peak intensities becom

weak when Al composition in AlGaP is increased. Comparison of integrated

tensity between experiment and simulation would be a good way to determine Al

composition. In Fig.7-5, Al composition is deduced as 0.3.
7.3 Photoluminescence spectroscopy and dis-
cussion

7.3.1 AlGaP/GaP superlattices

PL spectra of (AlossGaoerP)s/(GaP)s o-SL. and (AlyxiGaosrP ) /(GaP)s
(m=2.5,5.0,7.5. n=4.5,9.0,13.5) d-SL are shown in Fi 6 together with AIPs/Galy
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Fig7-6 PL spectra of (AloxsGaoerP)s/(GaP)s o-SL and (AloxsGaoerP)m/(GaP)s
(m=25,50,7.5, n=4.5,9.0,13.5) d-SL together with AlPs/GaPg o-SL for comparison.
Measurement temperature was 4.2K.

o-SL for comparison. It is clearly seen that the peak wavelength of AIGaP/GaP
o-SL is considerably shorter than that of AIP/GaP o-SL, but intensity is four
times weaker. On the other hands, the peak wavelength of AIGaP/GaP d-SL is
longer than that of AIGaP/GaP o-SL, but still shorter than that of AIP/GaP
o-SL. The peak intensity is stronger than that of AIGaP/GaP o-SL and almost
the same as that of AIP/GaP o-SL. The full width at half maximums(FWHMs)
of cach main peaks are as sharp as 12.2, 13.6, and 15.2meV for AlGaP/GaP o-SL,
AlGaP/GaP d-SL and AIP/GaP o-SL. respectively.

The shorter wavelength of AIGaP/GaP SLs is easily explained. Since AIP/GaP
SL is type-I1 9, clectrons are confined in AIP layer while holes are confined in
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GaP layer. Althongh the band linenp of AIGaP/GaP nor AIP/AIGaP SLs are
¢ confirmed, they are also type-II. Figures 7-T shows the band

ot experimen
structuces of AIP/GaP, AGaP/GaP, and AIP/AIGaP o-SLs. Th
orgy level difference between lowest subband

cffective band

. Eargtiap. in other words, th

onduction band and highest subband in valence band, is given by following
cquations for AIP/GaP SL.

Eour = AF, + (Ea + Em) (12)
= Enp = AE, + (Ea + Ew) (1)

Eawe

where Eqap and Eap denote the band gaps of GaP and AIP, respectively, AE,

AE, band discont;

i conduction and valence bands, respectively, E., and

Ewnt the subband levels in conduction and valence bands, respectively.

om
Eqs.7-1, it is found that. Enp/cup becomes smaller than Egur provided AE; is
larger than £,y + Eyr. This situation was seen in previous chapter(soe Fig.6-4).
. the effective band gaps for AIGaP/GaP and AIP/AIGaP SLs

are given by following cquations.

Similar to Eqs.7

Excwrcar = Ecap = DE{ + (Ey + Epy) (7-2a)
= Enawr = AE, + (Ey + Ejn) (7-2b)
Espincar = Exicap = AEY + (Efy + Epyy) (7-3a)
= Eap - OE! + (Efy + Efn) (7-3b)

The symbols have the same meanings as in Figs.7-7. Comparing Eqs.7-1(a) and

7-2(a), we can find that Excap/ar is larger than Exipjcap since band discon-

tinuity AE, is larger in AIP/GaP SL. Similarly Exp/aicap becomes larger than

Eaw/Gar- e subband levels also change when band discontinui are changed.
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however, the change in subband are not so large as that of band discontis
As results, the peak wavelengths of AlGaP/GaP and AIP/AIGaP SLs become
shorter than that of corresponding AIP/GaP SL. Figure 7-8 shows the peak
wavelength of Al:Gay.P/GaP and AIP/Al,Ga,_,P o-SLs as a function of Al
composition in AIGaP layer calculated by Kronig-Penny model. In the caleula:
tion, band gap of AIGaP alloy and band discontinu
bands were linearly interpolated by those parameters of GaP and AIP. The peak

n conduction and valence

wavelength is the longest at AIP/GaP as expected and approaches the band gap

[GaP as Al ition d in AIGaP/GaP o-SLs, while wave-
length the band gap of AIP as Al ition increases in
AIP/AIGaP o-SLs. The change in wavelength of AlGaP/AlGaP SL is remarkable
1 the well

as SL period becomes long, because subband levels are pushed up wh
width is narrow and the effective band gap of SL resembles that of AlGaP alloy.
The observed PL main peak wavelengths of AIGaP/GaP and AIP/GaP o-SLs

shown in Fig.7-6 agree well with the calculation. It is considered that observed

main peaks were nol assisted by phonon emission from their strong in
Exciton binding energy may be neglected, since it is considerably small(~5meV).
Besides m:
This peak is considered to be phonon replicas of main peak. ‘The energy dif
ferences between small peak and main peak are 46.6meV. Although the phe
energy of AIP is unknown, the cnergy of LO-phonon in GaP is 45.6meV 4. Ile
we must remind that phonon dispersion relation is modified in growth dircetion.

peaks, small peaks is scen at long wavelength in AIGaP/Gal® o-SL..

It is reported that zone-folding of phonon dispersion occurs in the SL strue-
ture %), Since SL is composed of SML-thick AIGaP and 9ML-thick Gal® layers,
TRy

between min-

the phonon dispersion between I' and X points is 14 times foldcd. Then,

of phonon along growth direction takes almost continuous vals

imum and maxi
and LA-phonons, which have wide encrgy ranges, are less relative to the uptlrﬂl
transitions, and LO-phonon is the dominant scattering factor. Encrgy dis

of LO-phonon is almost constant between T and X points. Thus, phonon replica

um cnergy in bulk. llowever acoustical phono
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GaP/GaP AIP/GaP AIP/AIP
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570
560+
550
540+
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Fi Peak wavelength of AIGaP/AIGaP o-SLs calculated by assuming Kronig-Penny
model. Band gap of AIGaP and band discontinuities of AIGaP/GaP and AIP/AIGaP
were linearly interpolated by those of AIP and GaP.
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Table 72 Binding energies of typical impuritics in GaP.
donor acceptor

impurity | EJmeV] | impurity | Es{meV]

Si 85 C 55
S 107 Zn 70
o 897 Si 210

with LO-phonon along growth direction must result in the same shift as with
LO-phonon in lateral direction. Similar small peak is seen from AIP/GaP

However, the photon energy is 40.9meV lower from main peak and somewhat less
than the LO-phonon energy. This peak can be attributed defect related recom-
bination center as assigned by X.L. Wang ct al. ¥ rather than phonon replica.
s hardly seen in d-SL. The lack of phonon
replica indicates the improved optical transition without phonon emission.

Contrary to the o-SLs, phonon repl

Temperature dependence of PL spectra of AIGaP/GaP o- and d-SLs are shown
in Figs.1-9. As seen in Fig.7-9(a), the main peak at S49nm decreases quickly as
temperature increases and disappears at 20K in AIGaP/GaP o-SL. The

of phonon replica also decreases. Another peak at 557nm becomes don

The energy difference with main peak is 32meV. The energy differen

is considerably smaller than binding energies of typical impurities in Gal® sum-
marized in Table 7-2. However, it is usual that the photon energy of DA par
recombination emission becomes higher than the energy gap of donor and ac-
ceptor levels due to coulomb energy ™). This peak is assigned as $-C DA pair
recombination emission because similar peak was observed from S-doped GaP
substrate.

Comparing o-SL., the temperature dependence of PL intensity from AlGal /Gl
9(b). However,

his peak is con-

d-SL is small. The main peak is clearly seen up to 30K in
another peak located at 570nm becomes dominant beyond 40K.
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Fig79 PL temperature dependence of (a)(AloxGaosrP)s/(GaP)s o-SL and
(6)(Alo22Ga0.67P)m/(GaP)n (M=2.55.0,7.5, n=4.5,9.0,13.5) d-SL.
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sidered to be originated from impurities as that observed from o-SL. One can find
that the small peak at slightly short wavelength from main peak decreases more
quickly comparing main peak.

Figure 7-10 shows the integrated intensity of main peaks of AIGaP/Gal and
AIP/GaP o- and d-SLs against temperature. Main peak of AlGal'/Gal® -S1.
were separated by assuming that the each peak is subjected to Gauss distributio
Although the SL period is different from others, PL temperature dey
AIP,./GaP, (m,n=369) d-SL is also shown for comparisor
two important features are found, 1) PL. in

ence of

From

ated intensities of Al

o- and d-SLs decrease more quickly than those of AIP/Gal’ o- and d-Sls and
2)PL integrated intensities of AlGaP/GaP and AlP/GaP o-SLs de

quickly than those of d-SLs. These features become more evident by deriving

characteristic temperature To with Eq.6-4.

itted Tos arc shown

5711 as
a function of Al composition in AlGaP layer. As expected, Tos of AlGal/GaP
are less than those of AIP/GaP for both o- and d-SLs and Tgs of o-S|
than those of d-SLs.

Figure 7-11 indicat i ing feature. The diffe Ty hetween
©o- and d-SLs is less in AIGaP/GaP than that in AIP/GaP. This
the decrease of band discontinuity, in other words, barrier height

Ls are less

s understood by

he dis

between o- and d-SLs is the arrangement of two constituent layer thickne

disordered potential arrangement in d-SL causes certain localized states. If the

chemical natures of two constituents are the same, o- and d-SLs wonld have the

same properties. Thus, reducing Al composition in AlGal® layer weakens the
carrier localization. As a result, the distinction between o- and d-SLs hecomes
small.

Finally we must consider the influence of unintentionally grown AIl l
nal AP layer

12. Because of type-11 structure, overlap of

ver found

by X-ray diffraction measurements. Band structure taking fras

into account is illustrated in Fig.
electron and hole wave functions are maximum at interface. Thercfore carriers

mainly recombinate at the interface to emit luminescence. In this case. Al layer
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Fig.7-11 Characteristic temperature Tos fitted by Eq.6-4.
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Fig.7-12 Band structure of AlGaP/GaP SL with unintentional AIP layer inserted at
the interface of GaP and AlGaP.

APg/GaPs
oSt

(AIP)5/(Alo 3Gag P)s.
o-SL

(AIP)m/(Alg 3Gag 7P)n
(Mne2.55.0.7.5) &-SL
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600
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Fig.7-13 PL spectra of (AIP)s/(AloxGaoerP)s o-SL and (AIP)m /(Alo3sGaosrPln
(mn=2.5,5.0,7.5) d-SL together with AIP5/GaPs 0-SL for comparison. Measurement
temperature was 4.2K.

145



at the interface works as QW for electron since potential in AIP s lower than both
GaP and AGaP layes
type-1 structure and similar to neighboring co
have grown AIP/GaP single heterostr
by AlGaP layers. In their structure, AlGaP works as barrier for both electron

in conduction band. This situation seems to the quasi

ement structure proposed by

ture sandwiched

and hole. Then the overlap of electron and hole wave functions becomes larger
at the AIP/Gal® i

Tuminescence

face and the lnminescence efficiency is enhanced. Not only

nte

ity, the effective band gap is also aflected by the fractional
AIl Jayer. However, significant discrepancy was not obscrved in PL wavelength

between experimental and calculated results. Therefore, unintentional AIP layer

Inay ol cause strong of efficiency nor shift

since the layer thickness is less than I1ML.
7.3.2 AIP/AlGaP superlattices

Observed PL, spectra of AIP/AIGaP superlattices arc shown in Fi
ths of (AIP)s/(Alo2GaorP)s

gether with corresponding AIP/GaP o-SL.. Peak wave
. and (AIP)/(AlosGao:P), (mn=2.5,5.0,7.5) d-SL are shorter than that of
AIP/GaP o-SL as expected. ty of AIP/AIGAP d-SL. is 10 times
stronger than that of AIP/AIGaP o-SL but is 70% of AIP/GaP o-SL. The peak

wavelengths of o-SLs agree consistently with the calculated results by assuming

0

Kronig-Penny model. Similar to the AlGaP/GaP SLs in previous subscction.

y related peaks are observed from all samples. Besides these small peaks.
one can see other peaks at about 600nm. These peaks are assigned as defect
related recombination .

The shortest PL wavelength among the grown AIP/AIGaP SLs was 532nm,
which is from (AIP)s/(Ala3Gao 1P)s o-SL. This wavelength is slightly longer than
the wavelength of band edge nescence of bulk GaP(530nm), but is shorter
than the PL wavelength of N-doped bulk GaP(535nm). In order to shorten

the luminescence wavelength, we have grown (AIP)s/(AlosGaosP)s o-SL and
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(AIP)n /(Alo sGaosP)n (mn=2.5.5.
not observed from both samples.

3) d-SL. However, clear luminescence was.

We also attempted to investigate the temperature dependence of PL. but, PL
intensities decrease so quickly that the reliable data was not obtained.

The poor luminescence property of AIP/AIGaP SLs can be partly attributed to
the small band disco

inuity compared to AIP/GaP. Another reason is the high
Al composition in the SL.. Even the Al composition in AIGaP layer is 0.3, average
Al composition in AIP/AIGP SL becomes 0.65 when the layer thi
AIP and AIGaP arc equal. As for AIP/AlpsGaosP SLs. average Al composition
is 0.75. It is generally recognized that concentration of O increases wi

nesses of

increasing
Al composition in 111 -V semiconductors. Mostly, O impurity forms a decp donor

level which works as a non-radiative recombination center by itself. One may

consider that the Al composition in AIGaP layer does not crucially degrade the
optical property. since SL composed of AlGaP system is type-1l where clectrons
are confined in AP layer in AIP/AIGaP SLs. lowever the lowest first subband
in conduction band of (AIP)s/(AloaGao:P)s o-SL is estimated as 46meV from
conduction band minimum of AIP. Considering that the band discon

ty in
conduction band is 75meV, wave function of electron distributes not only in AIP

lager but also in AIGaP layer. Then, the concentration of non-radiative

in AIGaP layer becomes less negligible, because the carriers recombinate:
at the interface. D-SLs is advantageous when the deep impurity conc
high, because the carriers are localized in certain space and cannol move frecly

and di is d.

7.4 Summary

In this chapter. we have grown AlGaP/GaP and AIP/AIGaP o and d-SLs
to investigate the relation between PL property and band discontinnity and to
shorten the luminescence wavelength.

From X-ray diffraction measurement, it was found that fractional layer of Al
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was grown between GaP and AlGaP layers in AlGaP/GaP SLs by comparing
experimental results and simulation based on dynamical theory. The origin of
AIP layer was explained by delay of TMGa flow during AIGaP layer growth. On
the contrary, unintentionally grown AIP layer does not become serious problem
in AIP/AIGaP superlattices.

The PL intensity of AlGaP/GaP d-SL was four times stronger than that of
AlGaP/GaP o-Sl, and almost the same as corresponding AIP/GaP o-SL. The
Pl wavelengths of AlGaP/GaP o- and d-SLs were shorter than that of AIP/GaP
0-SLs. The wavelengths of AlGaP/GaP and AIP/GaP o-SLs agreed well with
the calculated results based on Kronig-Penny model. The PL temperature de-
pendence showed that the PL intensities of AlGaP/GaP o- and d-SLs decreased
‘more quickly than those of AIP/GaP o- and d-SLs, though somewhat persistent
luminescence was observed from d-SL. It was found that the band discontinuity
plays important role, since difference of characteristic temperatures To is less in
AlGaP/GaP o- and d-SLs than that in AIP/Gal,

The PL wavelength of AIP/AIGaP o- and d-SL, was considerably shorter than

that of corresponding AIP/GaP o-SL. The pure green shortest wavelength of
532nm was observed from (AIP)s/(AlosGaosP)s o-SL.. This wavelength is she
than that of N-doped GaP bulk, 535nm at 4.2K. However, the luminescence

ter

property was degraded by deep level impurities with increase of Al composition.
For further study and device sppliaton. e lamineoencsintensity o -SL
should b itati ized, for example, by of quantum

effciency.
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Chapter 8
Conclusion

In this thesis, mesoscopic structures composed of IIl-V semiconductors has
been investigated Lo obtain new quantum optical properties. Self-assembled

QD was fabricated by lattice-mismatched heterocpitaxy of InAs/GaAs and in-

vestigated their optical property as a three-dimensional quantum structu

other words, QD which has been difficult to fabricate. On the other hands,
AIGaP/AIGaP d-SLs were investigated to enhance the quantum effect in one-
dimensional quantum structure.

In chapter 2, InAs was grown on GaAs substrate by MBE and the structure of
epitaxial InAs was characterized. In-situ RHEED obscrvation showed that growth
mode of InAs on GaAs changes from two-dimensionally to three-dimensionally
at 1.8ML. From AFM observation, small island was formed abruptly at 1.8ML.
The island size was 250A in diameter and 30A in height. Increasing InAs layer
thickness, small islands coalesce each other to form large island of 400A . TEM
images of these samples have shown that no dislocations were found in the smiall
island while Lomer-lock cdge dislocations were generated in large island. The
sizes of small island measured from TEM image were 150A along [110] dircction
and 133A along (110] direction. The density was as high as 1.1x10"' cm™? in the
growth plane.

In chapter 3, the transition thickness at which the growth mode changes was
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lated transition thick-

calenlated based on Wulll’s theorem. As results, the cal
ses of InGaAs/GaAs were somewhat smaller than experimental results. The

iscrepancy was attributed to the neglect of total cnergy in island and non-
Led by adding

in island was also calcu-

equilibrium growth condition. However, precise thickness was pre

alue to the str:

rla gy. The strain dist

Tate. As results, strain distribution in embedded island in GaAs was considerably
different from that in island with free surface.
The optical property of InAs on GaAs was widely investigated in chapter 4.

om Pl measurement, it was found that the luminescence spectra strongly de-
pend on the structure of InAs; sharp peak was observed when InAs grew two-
dimensionally, on the other hands, the FWHM became comparatively large as
B0meV from InAs small
from 1.5ML-thick InAs in which no island was confirmed by structural character-

“The large FWHM was attributed to the fluctuation in the island size.

lands. Luminescence from island was also observed

izati

Strong polarization was observed in luminescence from island, though the origin

nknown. Large island containing misfit dislocations was not concerned with

Tun
formed by EL and PC Since of i from is-
land was much shorter than that calculated for SQW assuming the well width was

cscence. 1ML-thick InAs wetting layer was found when island was already

equal to island height, InAs island has an ability of lateral carrier confinement.

In chapter 5, dislocation suppression on misoriented substrate was shown ex-
perimentally and theoretically. PL and plan-view TEM observations revealed
that the critical thickness of InAs was increased to SML on substrate misoriented
toward [110] direction, on the contrary, critical thickness on substrate misoriented
toward [110] direction was 3ML and the same as that on just-oriented substrate.
Increase of critical layer was partly explained by suppression of island coalescence
on misoriented substrate. In order to investigate the interaction of dislocation

and surface step, str:

energy around the cross of dislocation and step was cal-
culated by VFF model. As results, it was found that certain strain was generated
at the step because of the unnatural slip plane connection.
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In chapter 6, short period AIP/GaP o- and d-SLs were fabricated by OMVPE
to enhance quantum effect in one-dimensional quantum structure. The PL wave-
length became shorter as the SL period decreases for both o- and d-SLs. Clear
peak was observed from AlP,/GaPn(m.n=123) d-SL while I
tensity was very weak from AIP;/GaP; o-SL. Temperature dependence of PL
intensity of AIP/GaP d-SLs was not sensitive to the average layer thickness.

In order Lo investigate the optical property of AIGaP SLs with respect to the
band discontinuity, AIGaP/GaP and AIP/AIGaP o- and d-SLs were fabricated
in chapter 7. From X-ray diffraction, it was found that unintentional ractional

\escence in-

layer of AIP was grown at the beginning of AIGaP layer growth. The lumines-
cence wavelength was shorter from AlGaP/GaP and AIP/AIGaP SLs than those
from corresponding AIP/GaP SLs due to type-11 structure. The shortest wave-
length was obtained from (AIP)s/(Alo3GaosP)s o-SL. PL intensitics of d-SLs
were stronger than those of corresponding o-SLs. PL from AIGaP/GaP o- and d-
SLs quenched more rapidly than those from AIP/GaP o- and d-SLs, respectively
and PL from AIGaP/GaP and AIP/GaP o-SLs quenched more rapidly than those:
from AlGaP/GaP and AIP/GaP d-SLs.

Although new quantum effect structures were proposed and realized in this
thesis, some future works are still suggested as follows.
1) The size and position of island should be controlled to apply self-assembled QU
to optical devices such as LD. As shown in chapler 5, step on substrate surface

is a favorable site for the island formation. Therefore island growth on slightly
misoriented substrate is intensively investigated recently. It is also reported that
island are arrayed in the growth direction by stacking self-assembled QD plane
with appropriate spacer layer similar to MQW; island in the upper layer is formed
strain distribution i

on island in the lower layer. Th surface plane plays im-

portant role for the island formation. In this case, however. the position of islands
in each planc is determined by the position of island in the first plane. In order to
control the position of island in the first planc, some substrate surface treatment
is required, for example, certain amount of In atoms arc selectively adsorbed on
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substrate by manipulati

technique of STM and then InAs layer is grown on it.
2) Energy state and wave: function in QD should be theoretical calculated. Al-
though there are some restrictions., effective mass approximation is the casiest
calculation method for one-dimensional quantum structure such as QW. How-
ever, this approach is not applicable for two- and three-dimensional quantum
structures with finite bartier height. One approach is that the wave function is
expanded to a series of ortho-normalized plane waves and solve the boundary
condition problem. However, s revealed in chapter 3, strain distribution in is-
land is not uniform and this approach becomes complicated. Since we know the
pasitions of all atoms, it is expected Lo elucidate the energy states by tight bind-
ing method.

Althos

h the entianced luminescence efficiency of d-S1, was shown, the precise
. Because AlGaP alloy and SL composed by AlGaP

bl band gap for green to orange colored visible light, more pre-

me not clari

system has

investigation of band structure is expected. For example, photoluminescence
excitation(PLE) or carrier life time measurements should be carried out. At

the same time, the i of lumi intensity such as

iency is required for device application.



ADDENDUM

Publications

A. Full papers

bl

»

~

@

*

. Initial growth stage and optical properties of thrce-dimensional InAs struc-

ture on GaAs™,
Y. Nabetani, T. Ishikawa, S. Noda, and A. Sasaki,
J. Appl. Phys. 76, 347 (1994).

”Molecular beam epitaxy of InAs and its interaction with a GaAs overlayer
on vicinal GaAs (001) substrates”,

X.W. Lin, Z. Liliental-Weber, J. Washburn, E.R. Weber, A. Sasaki, A,
Wakahara, and Y. Nabetani,

J. Vac. Sci. Technol. B12, 2562 (1994).

"Photoluminescence process in AIP/GaP short period superlattices grown
by organometallic vapor phase epitaxy using tertiarybuthylphosphinc”,

A. Wakahara, Y. Nabetani, X.L. Wang, and A. Sasaki,

1. Cryst. Growth 145, 187 (1994).

. "Island formation of InAs grown on GaAs™.

Y. Nabetani, N. Yamamoto, T. Tokuda, and A. Sasaki,
J. Cryst. Growth 148, 363 (1995).

. "Critical thickness of InAs grown on misoriented GaAs substrates”,

Y. Nabetani, A. Wakahara, and A. Sas:
J. Appl. Phys. 78, 6461 (1995).

. "Photoluminescence properties of AlGaP superlattices”,

Y. Nabetani, A. Wakahara, and A. Sasaki,
Mat. Sci. Eng. B35, 454 (1995).

155



-

. "Growth and i i AlGaP/AlGaP lattices”,

Y. Nabetani, A. Wakahara, and A. Sasaki,
J. Appl. Phys. to be submitted.

B. Letters

©

. "Morphological transition of InAs islands on GaAs(001) upon deposition of

a GaAs capping layer”,

X.W.Lin, J. Washburn, Z. Liliental-Weber, E.R. Weber, A. Sasaki, A.
Wakahara, and Y, Nabetani,

Appl. Phys. Lett. 85, 1677 (1994).

i from self-assembled InAs q dot grown on GaAs™.
Y. Nabetani, N. Yamamoto, T. Tokuda, S. Noda, and A. Sasaki,
Appl. Phys. Lett. to be submitted.

. "Calculation of transition layer thickness in InAs on GaAs™,

Y. Nabetani, A. Wakahara, and A. Sasaki.
Appl. Phys. Lett. to be submitted.

C. International conferences

~

"Island formation of InAs grown on GaAs”,

Y. Nabetani, N. Yamamoto, T. Tokuda, and A. Sasaki,

Eighth International Conference on Vapor Growth and Epitaxy(ICVGES).
Freiburg, Germany, 1994,

" Photoluminescence properties of AlGaP superlattices™,

Y. Nabetani, A. Wakahara, and A. Sasaki,

156



The First Ints ¢ on Low Di

vices(LDSDY3

national Confer 1 Structures & De

Singapore. 1995

3. "Photoluminescence properties of AlGaP/GaP superlattic
Y. Nabetani, A. Wakahara, and A. Sasaki.
37th Blectronic Materials Confercnce(EM!

%). Virginia. USA. 1995



	0004_2R
	0005_1L
	0005_2R
	0006_1L
	0006_2R
	0007_1L
	0007_2R
	0008_1L
	0008_2R
	0009_1L
	0009_2R
	0010_1L
	0010_2R
	0011_1L
	0011_2R
	0012_1L
	0012_2R
	0013_1L
	0013_2R
	0014_1L
	0014_2R
	0015_1L
	0015_2R
	0016_1L
	0016_2R
	0017_1L
	0017_2R
	0018_1L
	0018_2R
	0019_1L
	0019_2R
	0020_1L
	0020_2R
	0021_1L
	0021_2R
	0022_1L
	0022_2R
	0023_1L
	0023_2R
	0024_1L
	0024_2R
	0025_1L
	0025_2R
	0026_1L
	0026_2R
	0027_1L
	0027_2R
	0028_1L
	0028_2R
	0029_1L
	0029_2R
	0030_1L
	0030_2R
	0031_1L
	0031_2R
	0032_1L
	0032_2R
	0033_1L
	0033_2R
	0034_1L
	0034_2R
	0035_1L
	0035_2R
	0036_1L
	0036_2R
	0037_1L
	0037_2R
	0038_1L
	0038_2R
	0039_1L
	0039_2R
	0040_1L
	0040_2R
	0041_1L
	0041_2R
	0042_1L
	0042_2R
	0043_1L
	0043_2R
	0044_1L
	0044_2R
	0045_1L
	0045_2R
	0046_1L
	0046_2R
	0047_1L
	0047_2R
	0048_1L
	0048_2R
	0049_1L
	0049_2R
	0050_1L
	0050_2R
	0051_1L
	0051_2R
	0052_1L
	0052_2R
	0053_1L
	0053_2R
	0054_1L
	0054_2R
	0055_1L
	0055_2R
	0056_1L
	0056_2R
	0057_1L
	0057_2R
	0058_1L
	0058_2R
	0059_1L
	0059_2R
	0060_1L
	0060_2R
	0061_1L
	0061_2R
	0062_1L
	0062_2R
	0063_1L
	0063_2R
	0064_1L
	0064_2R
	0065_1L
	0065_2R
	0066_1L
	0066_2R
	0067_1L
	0067_2R
	0068_1L
	0068_2R
	0069_1L
	0069_2R
	0070_1L
	0070_2R
	0071_1L
	0071_2R
	0072_1L
	0072_2R
	0073_1L
	0073_2R
	0074_1L
	0074_2R
	0075_1L
	0075_2R
	0076_1L
	0076_2R
	0077_1L
	0077_2R
	0078_1L
	0078_2R
	0079_1L
	0079_2R
	0080_1L
	0080_2R
	0081_1L
	0081_2R
	0082_1L
	0082_2R
	0083_1L
	0083_2R
	0084_1L
	0084_2R
	0085_1L
	0085_2R
	0086_1L
	0086_2R

