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Abstract

Physical properties of InGaAs-related III-V heterostructures grown on (411)A-oriented
substrates by molecular beam epitaxy (MBE) have been investigated. Effectively atomi-
cally flat heterointerfaces over a wafer-size area [“(411)A super-flat interfaces”] were found
to be formed in these heterostructures, and pseudomorphic Ing,Gag3As/IngsAlg 45As
modulation-doped quantum wells (MD-QWs) with higher electron mobilities were suc-
cessfully grown on (411)A InP substrates by MBE.

The (411)A super-flat interfaces could be successfully formed in pseudomophic
In,Ga;_,As/AlGaAs QWs with z up to 0.27 grown on (411)A GaAs substrates. A single
and very sharp peak was observed in low-temperature photoluminescence (PL) from each
of the (411)A InGaAs/AlGaAs QWs. PL (11 K) properties of Ingo5GagrsAs/AlGaAs
single QWs also show much larger critical thickness (~ 20 nm) of a (411)A Ing25Gag 75As
layer compared with that (~ 12 nm) of a conventional (100) Ing 25Gag.7sAs, which is prob-
ably due to much stable InGaAs growing surfaces. Enhanced In surface segregation was
observed in (411)A InGaAs/(Al)GaAs superlattices (SLs) and QWs by HRXRD and PL
measurements compared with that of the (100) SLs and QWs because of larger surface
migration of group III atoms, nevertheless, degradation of the superior interface flatness
in the (411)A QWs due to the enhanced In surface segregation was not observed, and
the (411)A super-flat InGaAs/AlGaAs interfaces could be formed at a wide substrate
temperature range of 450-540°C.

The (411)A super-flat interfaces could be also formed in InGaAs/InAlAs QWs lattice-
matched to (411)A InP substrates by MBE. High-quality InGaAs and InAlAs epitaxal
layers were successfully grown on (411)A InP substrates at optimized MBE growth con-
ditions. A single and very sharp PL peaks at 4.2 K were observed from the (411)A In-
GaAs/InAlAs QWs over a wafer-size area, and the PL linewidths of the (411)A QWs are
almost comparable to those of splitted peaks of (100) growth-interrupted InGaAs/InAlAs
QWs. Furthermore, interface flatness in the (411)A InGaAs QWs could be slightly im-
proved by using (InGaAs)s(InAlAs),, short-period SL barriers with m < 4.

Based on these results, the pseudomorphic Ing;Gag3As/Ing 50AlgsAs MD-QWs W1th
the (411)A super-flat interfaces were successfully grown on InP substrates by MBE. Higher
two-dimensional electron gas (2DEG) mobilities were observed in the (411)A MD-QWs
with well widths (L) of 12-18 nm compared with the corresponding (100) MD-QWs due

o (1) the (411)A super-flat interfaces for L, = 12-16 nm and (2) larger critical thickness
of the (411)A Ing,Gag3As for Ly, = 18 nm. The 2DEG in the (411)A MD-QW with L,
= 12 nm shows 27% higher mobility (u = 108,000 cm?/Vs) with 2DEG concentration
of 1.5 x 10 cm™? at T = 77 K than that (4 = 85,000 cm?/Vs) of the corresponding
(100) MD-QW in this study, and the p of the (411)A MD-QW is the highest mobility in
the previously reported ones. Theoretical analysis of the low-temperature (24 K) 2DEG
mobilities confirms that the enhanced 2DEG mobilities in the (411)A MD-QWs are caused
by reduced interface roughness scattering due to the (411)A super-flat interfaces.
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Chapter 1

Introduction

1.1 Introduction

Heterostructures consisting of III-V compound semiconductors have been widely stud-
ied because of their suitable structures for physical topics of low-dimensional electrons
or excitons and electrical- and optical-device applications. Advanced progress of growth
technologies of IT1I-V compound semiconductor thin layers, such as molecular beém epitaxy
(MBE) or metal organic chemical vapor deposition (MOCVD), enable us to obtain high-
quality epitaxial layers with precisely controlled layer thickness in atomic scale, and they
have supported development in research fields of III-V heterostructures (GaAs/AlGaAs,
InGaAs/InAlAs). In addition, high-quality devices with the use of the III-V heterostruc-
tures, such as high electron mobility transistors (HEMTs) [1} or quantum well (QW)
lasers [2], are successfully fabricated by MBE or MOCVD, and they are used in satellite
broadcasting systems, mobile phones and optical communication systems, and so on.

InGaAs-related III-V heterostructures, such as InGaAs/InAlAs system lattice-
matched to InP substrates, are the most interesting materials, because of their superior
physical properties (larger conduction band offset and lighter electron effective mass) for
low-noise and high-frequency devices (3, 4, 5] compared with those of conventional GaAs/
AlGaAs system. In addition, an energy gap of Ings3Gag47As lattice-matched to InP is
0.75 eV, which is suitable for 1.5 um optical devices [6, 7] used for optical communica-
tion networks. Pseudomorphic epitaxial growth of InGaAs-related III-V heterostructures,
such as InGaAs/AlGaAs system on GaAs substrates and InGaAs/InAlAs system on InP

substrates with lattice-mismatch, is one of the most interesting technologies, because
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Figure 1.1: Schematic illustration of III-V heterostructures with (a) biaxial tensile strain,
(b) no strain and (c) biaxial compression strain, and the corresponding conduction- and
valence-band structures.

conduction- and valence-band structures are modulated by an elastic strain (biaxial com-
pression or biaxial tensile strain) in the pseudomorphic layer as shown in Fig. 1.1. These
pseudomorphic heterostructures without dislocations due to lattice-mismatch between III-
V materials with different lattice constants can be obtained by MBE or MOCVD under

a certain layer thickness so called “critical layer thickness”. [8]

One of the most important factor to achieve high performance in III-V heterostrucute
devices is improvement in heterointerface flatness. Roughness at heterointerfaces degrades
optical gain in QW lasers because of degradation of uniformity in the QW layer thickness,
and it aléo degrades electron mobility in HEMT structures because of electrons scattered -
by interface fluctuation. Therefore, it is very important to realize atomically flat interfaces

over a whole device-size area in InGaAs-related III-V heterostructures to achieve various
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Figure 1.2: Schematic illustration of the cross sections of GaAs/AlGaAs QWs grown on
(a) a (100) GaAs substrates without interruption and on (b) a (100) GaAs substrate
with growth interruption and on (c) a (411)A GaAs substrate, and the corresponding

photoluminescence spectra at low temperatures.

kinds of the quantum devices with better performance.

In 1993, Shimomura et al. proposed that extremely flat heterointerfaces can be
formed in GaAs/AlGaAs QWs grown on (411)A-oriented GaAs substrates by MBE [9].
Linewidths of low-temperature photoluminescence (PL) peaks from the (411)A QWs are
much narrower than those of thé conventional (100) QWs, which have + one-monolayer
fluctuation at heterointerfaces [Fig. 1.2(a)], and they are as narrow as those of growth-
interrupted (100) QWs. The growth-interruption at heterointerfaces is one of most inter-
esting technique to achieve atomically flat interfaces [10, 11}, however, they are formed
only in a very small area of about a few pum?, because size of atomic steps at heteroint-
erfaces are limited by surface migration length of Ga atoms. Therefore, two or three PL
peaks with narrow linewidths are observed from the growth-interrupted (100) QWs [Fig.

1.2(b)]. In contrast, the (411)A QWs exhibit single PL peaks with narrow linewidths

3
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Figure 1.3: Atomic model of (411)A GaAs surface.

over an extraordinarily large area (~ 1 cm?) [Fig. 1.2(c)] [12], indicating that effectively
atomically flat interfaces are formed in the (411)A GaAs/AlGaAs QWs over a wafer-size
area [;‘(411)A super-flat interfaces”]. An atomic model of the (411)A GaAs surface [the
(011) cross section] is shown in Fig. 1.3(a), which consists of (100) terraces with three
As-dimer rows in the [011] direction and (111)A steps with a two-monolayer height. The
period of the surface cdrrugatioh is 1.69 nm in the [122] direction. The exciton radius
(12 ~ 15 nm) for a GaAs/AlGaAs QW [13] is about one order of magnitude larger than
this period. Therefore, this atomic-size corrugation along the [122] direction is almost
completely averaged out over a size of the exciton. This leads to very narrow PL peak
widths of the (411)A GaAs/AlGaAs QWs, which are better than or equal to those of
splitted peaks of the GaAs/AlGaAs QWs grown with the growth interruption on the
(100) substrates. In addition, GaAs/AlGaAs HEMT structures and resonant tunneling
diodes with (411)A super-flat interfaces exhibit much improved electron mobility [14] and
peak-to-valley current ratio [15], respectively, compared with those structures with con-

ventional (100) interfaces. Therefore, InGaAs-related III-V heterostructures grown on

4



(411)A-oriented substrates are considered to be suitable for fabrication of electrical- and
optical-devices with improved performance, because they are expected to have extremely
flat heterointerfaces.

The purposes of this work are investigation of interface flatness in (1) pseudomo-
prhic InGaAs/AlGaAs system on (411)A GaAs substrates and (2) InGaAs/InAlAs lattice-
matched to (411)A InP substrates , and (3) an application of the (411)A super-flat in-
terfaces to pseudomorphic InGaAs/InAlAs HEMT structures grown on InP substrates in
order to achieve better performance in low-noise and high-frequency devices. In chap-
ter '2, MBE system and characterization methods are described. Optical and structural
properties of pseudomorphic InGaAs/AlGaAs QWs and superlattices grown on (411)A
GaAs substrates by MBE are given in chapter 3. Interface flatness in pseudomorphic
(411)A InGaAs/AlGaAs QWs, critical layer thickness of pseudomorphic (411)A InGaAs
and effect of surface segregation of In atoms are discussed. In chapter 4, optical and
structural properties of InGaAs and InAlAs epitaxial layer and InGaAs/InAlAs QWs
lattice-matched to (411)A InP substrates are described. Improved crystalline structure
and interface flatness in (411)A InGaAs/InAlAs system are presented there. Electrical
properties of pseudomorphic InGaAs/InAlAs modulation-doped QWs (MD-QWs) grown
on (411)A InP substrates by MBE are presented in chapter 5. Enhanced electron mobili-
ties of (411)A InGaAs/InAlAs MD-QWs are discussed in terms of their superior interface

flatness. Finally, conclusions are give in Chapter 6.
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Chapter 2

Experimental techniques

This chapter describes experimental techniques used in this study. Details of MBE
systems, substrate preparation procedures and characterization methods employed in this

study are shown here.

2.1 MBE system

All samples used in this study were grown by a Nissin RB 2001G or a VG semicon V80H
MK-II MBE system.

2.1.1 Nissin RB 2001G MBE system

The Nissin RB 2001G MBE system consists of two vacuum chambers (the growth
chamber and the loading chamber) and the pumping system. The growth chamber is
evacuated by an ion getter pump (ANELVA; PIC-400IP) during normal operation. The
basic pressure of the growth chamber is less than 3 x 107! Torr. The growth chamber
is equipped with a liquid nitrogen shroud to trap impurities during MBE growth. The
loading chamber is evacuated by a turbo molecular pump (SEIKO; STP-200). The basic
pressure of the loading chamber is less than 3 x 10~® Torr. The conventional effusion cells
are used for Ga, Al, In, As, Si, and Be as group III, V, and dopant sources. Group III
and V fluxes are measured by a beam flux monitor with a nude ion gauge at the growth
position. Substrate temperature is monitored with an optical pyrometer calibrated with
the melting points of Al sheets (660°C) and InSb substrates (525°C). Reflection high-

energy electron diffraction (RHEED) and quadrupole mass spectrometer (QMS, ANELVA;

9
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Figure 2.1: Schematic illustration of the VG semicon V80H MK-II MBE system.
AQA-360) are used as in situ monitoring system to control the MBE growth.

2.1.2 VG semicon VS8OH MK-II MBE system

A schematic illustration of the VG semicon V80H MK-II MBE system is shown in Fig.
2.1. The VG semicon V80H MK-II MBE system consists of three vacuum chamber (the
growth chamber, the preparation chamber and the loading chamber) and these chamber is
separately evacuated by the pumping system. The growth chamber is evacuated by an ion
getter pump (VARIAN; 400 I/s Triode Vaclon Pump), a cryo-pump (CTI-CRYOGENICS;
Cryo-Torr 8) and a liquid nitrogen shroud during MBE growth. The basic pressure of
the growth chamber is less than 5 x 107! Torr. The preparation chamber (< 5 x 1071
Torr) and the loading chamber (< 1 x 10~7 Torr) are evacuated by an ion getter pump
(VARIAN; 220 I/s Triode Vaclon Pump) and a turbo molecular pump (BLAZERS; TPU-
180H), respectively. The growth chamber has nihe conventional effusion cells used as
group III sources (two Ga, two Al and In), group V sources (two As) and dopants (Si,
Be). Temperatures of the effusion cells and positions (“OPEN” or “CLOSE”) of the

10



mechanical shutters are operated by a computer control system. Group III and V fluxes
are measured by a beam flux monitor with a nude ion gauge at the growth position.
Substrate temperature is monitored with an optical pyrometer calibrated with the melting

points of Al sheets (660°C) and InSb substrates (525°C). RHEED and QMS are used as

in sity monitoring system to control the MBE growth.

2.2 Substrate preparation

Process of the substrate preparation before MBE growth is very important to obtain
a high-quality epitaxial layer. Here, we describe the preparation methods of (1) GaAs

substrates and (2) InP substrates.

2.2.1 (411)A-oriented GaAs substrates

(411)A- and (100)-oriented GaAs substrates were degreased by boiled-trichloroethylene
and they were cleaned by methanol in an ultrasonic bath. After rinsing by distilled water,
they were etched by sulfuric acid etchant solution (HoSO4 : HyOp : HOO=5:1: 1) at a
temperature of approximately 100°C, or etched by ”Semico-Clean” (Furuuchi Chemical
Corp., Japan) at room temj)erature. These substrates were soldered on molybdenum
substrate holders with indium after rinsing by distilled water, and they were put in the
loading chamber of the MBE system. After predegasing at 300°C in the loading chamber
or the preparation chamber, the native oxides on the GaAs substrates were removed by

heating up to 650°C in As, atmosphere (~ 10~® Torr) in the MBE growth chamber.

2.2.2 (411)A-oriented InP substrates

(411)A- and (100)-oriented InP substrates were degreased by boiled-trichloroethylene and
they were cleaned by methanol in an ultrasonic bath. After rinsing by methanol or distilled
water, they were etched by 0.05% by volume Br, : CH;OH etchant or etched by ”Semico-
Clean” (Furuuchi Chemical Corp., Japan) at room temperature. These substrates were
soldered on molybdenum substrate holders with indium after rinsing by methanol and

distilled water, and they were put in the loading chamber of the MBE system. After

11



Cryostat Chopper

Ar laser, He-Cd laser

/ He-Ne laser

Lock-in amp

Spectrometer \

| \ '

Drive uniff Photomultiplier Jpecarger
Lig. helium or Ge detector

Lig. nitrogen

Figure 2.2: Block diagram of the photoluminescence equipment.

predegasing at 300°C in the loading chamber or the preparation chamber, the native
oxides on the InP substrates were removed by heating up to 520°C in As, atmosphere (~

10~¢ Torr) in the MBE growth chamber.

2.3 Characterization methods

2.3.1 Photoluminescence measurements

Photoluminescence (PL) was used to characterize optical properties of the samples.
Fig. 2.2 shows a block diagram of the PL equipment. The wavelength of the excitation
laser was 514.5 nm (Ar™ laser) or 325 nm (He-Cd laser) and the excitation power was
changed from sample to sample (1 mW ~ 7 mW). The excitation laser beam was focused
on ah area of a sample surface with a diameter of about 200 um. Luminescence from the
sample was monochromated and detected by a photomultiplier or a cooled Ge detector.
The samples were cooled down by liquid helium (4.2K) or by a helium-gas closed-cycle

cryostat (~ 10K).

2.3.2 Hall measurements

Hall measurements were carried out using the van der Pauw technique under a magnetic

field of 0.5 T. Ohmic contacts to the samples were formed by AuGeNi metals. The

12
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samples were cooled to a temperature range of 24-300 K by using a helium-gas closed

cycle cryostat or liquid nitrogen.

2.3.3 High-resolution X-ray diffraction measurements

High-resolution X-ray diffraction (HRXRD) system of a Phillips X’Pert MRD was used
to characterize structural properties of the samples. Fig. 2.3 shows a block diagram of
the HRXRD system. An incident X-ray beam with a wavelength (A = 0.15406 nm) of Cu
Kal was monochromated by a (220)-oriented Ge asymmetric four-cfystal system. The
samples were mounted on a computer-controlled goniometer stage. Rocking curves of the
samples were measured by w-260 scan (where w and 26 are the angles of the sample and
detector relative to the incident X-ray beam) with a detector angular acceptance of ~ 1°.
The reciprocal space maps of the samples were obtained by measuring a series of w-26
scan curves with slightly changed w values by using three (220) Ge reflection analyser

crystals, which makes a detector angular acceptance to ~ 12 sec.

2.3.4 Atomic force microscopy observations

Atomic force microscopy (AFM, type NANOSCOPE III) was used to observe cross-
sectional structures or surface morphologies of the samples. In this study, the AFM was

used in a ‘Tapping mode’ to reduce mechanical damage of a sample.
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Chapter 3

Pseudmorphic InGaAs/AlGaAs
system on (411) A GaAs substrates

3.1 Pseudomorphic InGaAs/AlGaAs QWs

Pseudomorphic InGaAs/AlGaAs heterostructures have attracted much interest for opti-
cal and electrical device applications such as high electron mobility transistors (HEMTs)
and strained QW lasers. [1, 2, 3, 4] The (411)A super-flat interfaces can be achieved
in lattice-matched GaAs/Aly3Gag7As heterostructures, however it is not clear whether
the super-flat interfaces can be also realized in pseudomorphic heterostructures such as
InGaAs/AlGaAs QWs, because formation of the (411)A super-flat interfaces depends
sensitively on MBE growth conditions. In this section, we study MBE growth of pseu-
domorphic InGaAs/AlGaAs QWs with various In contents grown on (411)A GaAs sub-
strates and characterize flatness of InGaAs/AlGaAs heterointerfaces by low-temperature

photoluminescence measurements.

3.1.1 MBE growth of InGaAs/AlGaAs QWs

(411)A-oriented GaAs substrates were etched by sulfuric acid etchant solution (HySOj :
Hy0, : H;O =5: 1: 1) after degreasing and were then loaded into a growth chamber of
a Nissin RB-2001G MBE system. In,Ga;_;As/Al,Ga;_,As QWs with well widths (L,,)
of 1.2-12.0 nm and a barrier width of 20 nm on GaAs/Al,Ga;_,As buffer layers were
grown on (411)A and (100) GaAs substrates at a substrate temperature (T;) of 520°C.
The V/III pressure ratios were 8.5 for the (411)A QWs and 10.5 for the (100) QWs

which are the optimized V/III pressure ratios for cofresponding samples. Growth rates of
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Figure 3.1: Photoluminescence spectra at 4.2 K from pseudomorphic In,Ga;_,As/
Alg28Gag.72As QWs with In contents of (a) z = 0.085 and (b) z = 0.15 grown on (411)A
and (100) GaAs substrates.

GaAs and AlAs were 1.0 um/h and 0.39-0.4 um/h, resp‘ectively, as determined from layer
thicknesses of GaAs and AlGaAs of GaAs/AlGaAs superlattice buffer layers observed by
cross-sectional scanning electron microscopy (SEM). The Al content (y = 0.28-0.3) of Al-
GaAs was determined by reflection high energy electron diffraction (RHEED) oscillations
for GaAs and AlAs layers. An In content (z = 0-0.35) of each sample was determined
by PL peak energy (4.2 K) of the (100) and (411)A QWs with L, = 12 nm, or high
resolution X-ray diffraction measurements of 100-nm-thick InGaAs grown on the (411)A
and (100) GaAs substrats. In contents of the (411)A sample were the same as those of

the (100) samples. The substrates were rotated at 30 rpm during MBE growth.

3.1.2 Photoluminesce measurements

Figure 3.1 shows PL spectra at 4.2 K from the pseudomorphic In,Ga;_;As/Alg 25Gag.72As
QWs with (a) z = 0.085 and (b) z = 0.15 grown on (411)A and (100) GaAs substrates.
The wavelength of an excitation laser was 514.5 nm and the excitation power was 5 mW.
The excitation laser beam was focused on an area, approximately 200 pym in diameter

of the sample surface. Weak and broad peaks at 680.0, 731.4, 767.8, 794.2, 824.8 and
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849.4 nm in Fig. 3.1(a) correspond to the luminescences from the (100) QWs of L.,
= 1.2, 2.4, 3.6, 4.8, 7.2 and 12.0 nm, respectively. On the other hand, PL peaks from
the (411)A QWs are observed at 675.4, 729.8, 765.2, 792.8, 823.4 and 849.0 nm. The
peak at 818 nm is from GaAs of the buffer layer. The most characteristic feature is a
much smaller linewidth of each PL peak of the (411)A QWs. This result shows improved
flatness of the (411)A Ingos5Gago15As/Alp2sGag r2As interfaces. A slight blue-shift of the
luminescence peaks was observed in the case of all the (411)A QWSs compared with those
of the corresponding (100) QWs. This is probably due to differently strain-induced band
gap. shift of the (411)A QWs. [8] Figure 3.1(b) shows PL spectra from the Ing15Gag gsAs/
Aly23Gag.72As QWs with Ly, = 1.2-12 nm grown on (411)A and (100) GaAs substrates.
The (411)A QWs also show apparently narrower PL peaks than the (100) QWs, especially
for thin QWs with Ly, = 1.2, 2.4, 3.6 and 4.8 nm. Figure 1 also demonstrates that the
integrated PL intensities of the (411)A QWs are much stronger than those of the (100)
QWs, which suggests much better optical quality of the (411)A InGaAs/AlGaAs QWs.

Figure 3.2 illustrates full widths at half maximum (FWHMs) of the PL peaks from the
In,Gay—,As/Alg 28Gag.72As QWs grown on (411)A and(100) GaAs substrates with (a) z
= 0.085 and (b) z = 0.15 as a function of wavelength. In the case of the lower In content
(z = 0.085), the FWHM (7.3 meV) of the narrow (411)A QW (L,, = 2.4 nm) is about
30% smaller than that (10.5 meV) of the (100) QW, although the FWHMs of the wide
(411)A QWs (Ly, = 7.2, 12 nm) are almost comparable to those of (100) QWs. In the case
of the QW of L,, = 4.8 nm, however, PL FWHM from the (411)A QW is larger than that
from the (100) QW. This is probably because of a double-peaked PL line due to the free
and bound excitons in the (411)A QW. In the case of the higher In content (z = 0.15),
the narrow (411)A QW (Ly, = 2.4 nm) revealed FWHM (7.3 meV) which is about 40%
smaller than that (11.9 meV) of the (100) QW [Fig. 3.2(b)]. On the other hand, the PL
FWHM of the wide (411)A QW (L, = 12 nm) is a little larger than that of (100) QW,
which is probably due to a slightly larger alloy disorder in the InGaAs QW layer of the
(411)A QW. The observed FWHM values (2-4 meV) of the (411)A and (100) QWs (L.,

= 12 nm, = = 0.085-0.15) in this study are smaller than a previously reported value (6.7
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Figure 3.2: FWHMs of PL peaks at 4.2 K from pseudomorphic In;Ga;—,As/Alg 25Gag 72As
QWs with (a) z = 0.085 and (b) z = 0.15 grown on (411)A and (100) GaAs substrates
as a function of wavelength. :

meV at 4.2 K) for a GaAs/Ing11GaggoAs/Aly23GagrrAs QW (Ly = 15 nm) on a (100)
GaAs substrate. [5]

3.1.3 Excited position dependence of photoluminescence

In order to observe uniformity of QW thickness over a macroscopic area, we mea-
sured the lateral variation of the PL peak energy and FWHM at 4.2 K for the
In,Ga;_,As/Aly3Gag7As QW (z = 0.07) with L, = 2.4 nm grown on (411)A GaAs
substrate by changing the excitation position on the wafer surface with an area of 8 mm
x 5 mm. Observed positions are at the distances of z = 1, 2, 3, 4, 5, 6, 7 mm from
the edge of the wafer. Peak energy and FWHM of the luminescence from the (411)A
QW with L,, = 2.4 nm are plotted as a function of distance (z) in Fig. 3.3. The peak
energy varies continuously from 1.6906 to 1.6933 eV with increasing z. This corresponds
to a lateral variation of only 0.03 nm [1% of Ly, = 2.4 nm and much smaller than 1 ML
thickness (0.28 nm) of (100) GaAs layer] in the thickness of the InGaAs well layer over
a distance of 6 mm, which reflects the thickness variation of an InGaAs layer grown by
our MBE system. This is due to the continuous growth of InGaAs and AlGaAs layers

by the step-flow growth mode on an atomically corrugated (411)A surface as described
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Figure 3.3: Peak energy and FWHM of PL peak (4.2 K) from In,Ga;_;As/Aly3Gag7As
QW (z = 0.07) with L, = 2.4 nm grown on (411)A GaAs substrate as a function of
distance.

in the case of GaAs/AlGaAs QWs on (411)A substrate. [7] In contrast, observed values
of FWHM are almost constant (8.8 meV ~ 9.3 meV) which is similar to the case of the
GaAs/Aly3GagrAs QWs on the (411)A GaAs substrate. [7] These results indicate that
effectively atomically flat interfaces over a macroscopic area of 8 mm x 5 mm [(411)A
super-flat interfaces] are realized even in pseudomorphic In;Ga;_ As/Aly3Gag7As QWs
with an In content of £ = 0.07 grown on the (411)A GaAs substrates similarly to the
lattice-matched case of GaAs/Al3Gag7As QWs on the (411)A GaAs substrates. [6, 7]

3.1.4 In content dependence

Photoluminescence FWHMSs of the In,Ga; _,As/AlGaAs QWs with the well Width of
Ly = 2.4 nm (z = 0-0.15) and 1.9 nm (z = 0.22-0.38) grown on (411)A and (100) GaAs
substrates are plotted as a function of In content (z) in Fig. 3.4. A only one PL peak
was observed for each corresponding (411)A or (100) QW, indicating that lateral size of
microsteps in the (411)A and (100) heterointerfaces is much smaller than exciton size.

PL FWHMs of the (411)A QWs are approximately 30-40% smaller than those of the
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Figure 3.4: FWHMs of low-temperature PL peaks from In,Ga;_,As/AlGaAs QWs with
the well width of Ly, = 2.4 nm (z = 0-0.15) and 1.9 nm (z = 0.22-0.38) grown on (411)A
and (100) GaAs substrates as a function of In content (z).

(100) QWs in the range of 0 < z < 0.27. Full width at half maximum of PL is mainly
determined by both the alloy disorder of an InGaAs QW layer and the interface rough-
ness in the case of the pseudomorphic InGaAs/AlGaAs QWs. The interface roughness
influences the PL. FWHMSs more sensitively for narrower QWs. Therefore, the much re-
duced FWHMs achieved for the (411)A QWs with L, = 2.4 nm indicate the superior
flatness of the (411)A InGaAs/AlGaAs interfaces. PL FWHMs of the (411)A and (100)
QWs drastically increases with increasing z > 0.27, because thickness of the InGaAs QW
exceeds their critical thickness. However, PLEFEWHMs of the (411)A QWs are much nar-
rower than those of the (100) QWs for z > 0.3, indicating that superior flatness of the
(411)A heterointerfaces in pseudomorphic InGaAs/AlGaAs QWs with higher In contents,
even if dislocations are induced in the QWs due to the lattice-mismatch. These results _
indicate that atomically flat interfaces over a macroscopic portion (200 ym diameter) of
the laser excitation area [(411)A super-flat interfaces] can be also formed in pseudomor-

phic In,Ga;_,As/AlGaAs QWs with In content z up to 0.27 grown on the (411)A GaAs
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substrates, as previously demonstrated in lattice-matched GaAs/AlGaAs QWs grown on

(411)A GaAs substrates. [6, 7]

3.1.5 Summary

Optical properties of pseudomorphic In,Ga;_.As/Al,Ga;—yAs QWs (z = 0-0.35, y =
0.28-0.3) grown on (411)A-oriented GaAs substrates by MBE were inifestigated by low-
temprature PL measurements. Single and very sharp PL peaks were observed at 4.2 K
from the InGaAs/AlGaAs QWs with the well widths of Ly, = 1.2-12.0 nm grown on the
(411)A GaAs substrates at T; = 520°C over a macroscopic are of 8 mm x 5 mm. PL
FWHMs from the (411)A QWs with L, = 2.4 nm (1.9 nm), which are very sensitive
to interface roughness, are 30-40% smaller than those of the (100) QWs for z up to
0.27, indicatindg that “(411)A super-flat interfaces” can be formed in pseudomorphic
InGaAs/AlGaAs QWs with In content up to 0.27. Therefore, (411)A pseudomorphic
InGaAs/AlGaAs heterostructures can be expected to have high potential for applications

to various kinds of quantum devices because of the (411)A super-flat interfaces.
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3.2 Pseudomorphic InGaAs/GaAs strained-layer su-
perlattices

In this section, structural and optical properties of an IngsGagg2As/GaAs strained-
layer superlattice (SLS) grown on the (411)A GaAs substrate by MBE were character-
ized by high resolution X-ray diffraction measurements (HRXRD) and PL measurements,
and much improved crystalline quality of the (411)A InGaAs/GaAs SLS was achieved
compared with that of a conventional InggsGaggoAs/GaAs SLS grown on a (100) GaAs

substrate.

3.2.1 MBE growth of InGaAs/GaAs SLS

A (411)A-oriented GaAs substrate was degreased and etched by a sulfuric acid etchant
solution to remove residual impurities on the surface. This (411)A substrate was mounted
side by side with a (100) GaAs substrate on a 2-inch Mo substrate holder. After loading
into a growth chamber of a Nissin RB-2001G MBE system, native GaAs oxides on their
surfaces were removed by raising a substrate temperature (75) up to 630°C under Asy
beam flux. A 30-periods IngosGagg2As (5.7 nm) / GaAs (8.7 nm) SLS was grown at T,=
550°C and V/III = 7 (in pressure ratio) on a 0.5 pm thick GaAs buffer layer. Growth
rates of GaAs and InAs were 1.0 and 0.09 um /h, respectively. The substrates were rotated

at 30 rpm during MBE growth.

3.2.2 HRXRD measurements

Structural properties of the IngsGaggoAs/GaAs SLS grown on the (411)A GaAs sub-
strate were characterized by high resolution X-ray diffraction (HRXRD) measurements.
An incident X-ray beam with a wavelength of Cu Kol (A = 0.15406 nm) was monochro-
mated by (220)-oriented Ge asymmetric four crystals. Rocking curves of the (411)A and
(100) SLSs were measured by w-26 scan (where w and 26 are the angles of the sample and
detector relative to the incident X-ray beam) with a detector angular acceptance of ~ 1°.

Figure 3.5 shows HRXRD rocking curves around a low-incidence asymmetric (511)

reflection of the (411)A Ing ¢sGag 92As/GaAs SLS and around a symmetric (400) reflection
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Figure 3.5: HRXRD rocking curves around a low-incidence asymmetric (511) reflection
of the 30-periods Ing0sGag.g2As (5.7 nm) / GaAs (8.5 nm) SLS grown on a (411)A GaAs
substrate (a), and a symmetric (400) reflection of the same InGaAs/GaAs SLS grown on
a (100) GaAs substrate (b).

of the (100) SLS. Sharp -1st, Oth, and +1st order reflections of the (411)A SLS are
clearly observed at Aw = -2615 sec (full width at half maximum, FWHM of 140 sec),
-935 sec (FWHM = 135 sec), and 750 sec (FWHM = 155 sec) apart from the (511)
reflection of GaAs, respectively. In contrast with this, broader peaks of -1st, Oth, and
+1st order reflections of the (100) SLS are observed at Aw = -1900 sec (FWHM = 280
sec), -575 sec (FWHM = 260 sec), and 750 sec (FWHM = 315 sec). In contents (z) of
the In,Ga;_,As layers, thicknesses of InGaAs and GaAs layer of the (411)A and (100)
SLSs were deduced from these reflection angles, which are summarized in Table. 3.1.
These structural parameters were determined by comparing observed reflection angles
with calculated ones of the (411)A SLS and the (100) SLS taking into account of the
strain components in an epitaxial-layer on a high index substrate. [9] Average lateral
lattice constants (q;) of the (411)A and (100) SLSs were obtained by reciprocal space

map measurements as describing below. Structural parameters (In content, thicknesses
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Table 3.1: Structural parameters of the (411)A and (100) SLSs determined by HRXRD
rocking curves

Sample Thickness (nm) In content Relaxation

InGaAs GaAs (x) (%)
(411)A 5.7 8.5 0.082 0
(100) 9.7 8.5 0.089 10

of the InGaAs and GaAs layers) were almost the same in the (411)A and (100) SLSs.
Most prominent feature of the rocking curves of the SLSs is that FWHMs of the all
reflection peaks from the (411)A SLS are approximately 50% smaller than that from the
(100) SLS. This indicates that much improved crystalline quality is achieved in the (411)A
InGaAs/GaAs SLS compared with a conventional (100) SLS.

In order to investigate the most dominant origin of the broadening of the reflection
peaks, w and w-26 scan measurements for the (411)A and (100) SLSé were performed
with the use of three (220) Ge reflection analyser crystals, which makes a detector angular
acceptance to ~ 12 sec. In case of using analyser crystals, a linewidth of a w scan curve is
sensitive to fluctuation of tilting angles of local crystal planes of the SLS samples, and a
linewidth of a w-20 scan curve is sensitive to fluctuation of layer thickness of the samples.
Figure 3.6 shows w and w-20 scan curves around the (511) Oth order reflection of the
(411)A SLS and around the (400) Oth order reflection of the (100) SLS measured with the
use of the analyser crystals. FWHMs {100 sec [Fig. 3.6(b)] and 220 sec [Fig. 3.6(e)]} of
w scan curves of the (411)A and (100) SLSs are almost comparable to those {135 sec [Fig.
3.6(a)] and 260 sec [Fig. 3.6(d)]} of the rocking curves, so broadening of the reflection
peaks in the rocking curves is mainly due to the fluctuation of tilting angles in the SLSs.
FWHM of the w scan curve of the (411)A SLS is less than half of that of the (100) SLS,
indicating that fluctuation of tilting angles of local crystal planes in the (411)A SLS are
much suppressed compai’ed with the (100) SLS. FWHMs of the w-20 curves of the (411)A
and (100) SLSs are almost the same {75 sec [Fig. 3.6(c)] and 80 sec [Fig. 3.6(f)]}, which

suggests that the fluctuation of layer thickness of both SLS samples are comparable.

Figure 3.7 shows reciprocal space maps around an asymmetric (400) reflection of the
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Figure 3.6: w and w-26 scan curves around Oth order peaks for a (511) reflection of the
(411)A SLS [(a) - (c)], and for a (400) reflection of the (100) SLS [(d) - (f)]. (a), (d)
are w-26 scan curves without (220) Ge analyser crystals, (c), (f) are those with analyser
crystals, and (b), (e) are w scan curves with analyser crystals.

(411)A SLS and an asymmetric (511) reflection of the (100) SLS. The reciprocal space
maps were obtained by measuring a series of w-26 scan curves with slightly changed w
values by using the analyser crystals. For the (411)A SLS sample, the Oth and +1st
order reflection spots and the (400) spot of the GaAs substrate are on the same line
parallel to [411], indicating that the average lattice constant of the (411)A SLS layer
parallel to the (411)A interface is the same as that of the GaAs substrate (no lattice
relaxation). On the other hand, in the case of the (100) SLS sample, the Oth and +1st
order reflection spots of the (100) SLS layer are on a line parallel to [100], but the (511)
spot of the GaAs substrate does not locate on this line connecting the Oth and +1st spots,
and it approximately shifts from the line by A toward [011] as indicated in Fig. 3.7(b).
This result indicates that considerable amount of relaxation of the lattice-mismatch in
the direction parallel to the (100) interface occurs between the (100) SLS layer and the
GaAs substrate. An average lattice constant parallel to the (100) interface (ay) of the
(100) SLS was determined to be 0.09% larger than that of the GaAs substrate, and the
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Figure 3.7: Reciprocal space maps around a (400) reflection of the (411)A SLS (a) and a
(511) reflection of the (100) SLS (b).

degree of relaxation, R [= (a| — @1nGeas)/(GInGass — GGaas)], Was 10%, where arngaas
and agqas are intrinsic cubic lattice constants of InGaAs and GaAs. This relaxation of
the (100) SLS may cause some fluctuation of tilting angles of local crystal planes in the
(100) SLS and resulted in the broad reflection curves of the (100) SLS, which is similar
to previously reported results for (100) InGaAs/AlAs SLSs with high In contents (z =
0.15) [10]. The suppressed relaxation of lattice-mismatch in the (411)A InGaAs/GaAs
SLS probably implies that a surface energy density of a growing surface of the (411)A
SLS during MBE growth is much lower than that of the (100) SLS, and generation of
misfit dislocations is suppressed in the (411)A SLS, even if a strain energy density of the

(411)A SLS is almost the same as that of the (100).

3.2.3 Photoluminescence measurements

Optical properties of the Ing gsGagg2As/GaAs SLSs were characterized by photolumines-
cence (PL) measurements at 12 K. Excitation laser was a He-Cd laser with a wavelength

of 325 nm and an excitation power of 2 mW. The excitation beam was focused on an area
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Figure 3.8: Photoluminescence spectra at 12 K from the (411)A Ing 0sGaggAs/GaAs SLS
(a) and the (100) InGaAs/GaAs SLS (b).

of about 200 ym diameter of the sample surface.

Figure 3.8 shows PL spectra at 12 K from the (411)A and (100) SLSs. PL peaks
from the (411)A and (100) SLSs are clearly observed at 849.2 nm (FWHM = 4.2 meV)
and 850.9 nm (5.2 meV), respectively. A slight blue-shift (2.9 meV in energy) of the
luminescence peak was observed for the (411)A SLS compared with that of the (100)
SLS. This blue-shift for the (411)A SLS is probably due to slight difference of In content,
surface segregation of In atoms [11], and strain-induced band gap shift [8], which is caused
by different strain components in the (411)A SLS as observed in HRXRD measurements.
Future investigation such as a quantitative observation of surface segregation of In atoms
on the (411)A plane is necessary to determine the main cause of the blue-shift for the
(411)A SLS. FWHM (4.2 meV) of the PL peak from the (411)A SLS is approximately 20%
smaller than that (5.2 meV) of the (100) SLS. Furthermore, integrated PL intensity of the
(411)A SLS is about 5 times larger than that of the (100)SLS. These results indicate that

superior uniformity and suppressed non-radiative centers in the (411)A SLS compared
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with the (100) SLS. The improved optical quality of the (411)A SLS is probably due to
much reduced relaxation of lattice-mismatch in this sample. Therefore, this PL result

also supports the higher crystalline quality of the (411)A SLS than that of the (100) SLS.

3.2.4 Summary

An extremely uniform IngogGagg2As/GaAs strained-layer superlattice (SLS) was grown
on a (411)A GaAs substrate by molecular beam epitaxy (MBE). High resolution X-ray
diffraction (HRXRD) measurements revealed that fluctuation of tilting angles of local
crystal planes in the (411)A SLS was much reduced than that of a simultaneously grown
(100) Ino,ongao_ggAS /GaAs SLS, which is due to difference of relaxation of lattice-mismatch
between InGaAs and GaAs layers for these two SLSs. Photoluminescence (PL) properties |
also exhibited the superior crystalline quality of the (411)A SLS (a higher PL intensity
and a smaller FWHM of the PL peak) compared with the (100) SLS. Hence, improved
quantum devices such as optical modulators can be expected by using InGaAs/GaAs SLS

structures grown on (411)A GaAs substrates.
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3.3 Critical thickness of In(GaAs

For the psduomorphic InGaAs/AlGaAs system, critical thickness of the InGaAs layer
is one of the most important material parameters for device applications. This section
describes the critical thicknesses of pseudomorphic Ingo5Gag75As/Aly32GagesAs QWs
grown on the (411)A GaAs substrates by molecular beam epitaxy (MBE) which were
determined by PL measurements at 11 K and the surface morphologies of Ing.o5Gag.75As

layers observed by atomic force microscopy (AFM).

3.3.1 MBE growth of InGaAs/AlGaAs single QWs

(411)A- and (100)-oriented GaAs substrates were degreased and chemically etched by
“Semico-Clean” prior to MBE growth. Six kinds of Ing,gsGag,gAS/AIO_ggGao,sgAs single
QW (SQW) structures were grown on the (411)A and (100) GaAs substrates mounted
side-by-side on a Mo block in a MBE system. At first, a 6-period GaAs (50 nm)/
Al 32GagesAs (20 nm) superlattice buffer layer was grown at a substrate temperature
(Ts) of 610°C. Then, after a short growth interruption for decreasing T, from 610°C to
480°C, Ingo5Gag.7sAs/Alp 32GagesAs SQW with well width (Ly,) of 13, 15, 17, 19, 21 or
23 nm and 100 - nm thick Aly3,GaggsAs barrier layers were grown at T, = 480°C. An
Ing 25Gag.7sAs top layer with the same thickness of L, was grown on each SQW sample
for the AFM observations. The growth rates of GaAs and InGaAs were 1.0 ym/h and
0.87 pm/h, respectively. The V/III ratio (Ass/Ga, flux ratio) was 11. In contents (z)
of In;Ga;_,As well layers were approximately 0.26 for the (411)A SQWs and 0.24 for
(100) SQWs, which were determined by X-ray diffraction of thick InGaAs layers (100
nm) grown on (411)A and (100) GaAs substrates under the same growth condition of the

SQWs. The substrates were not rotated during MBE growth.

3.3.2 Photoluminescence measurements

Figure 3.9 shows PL spectra at 11 K from the six kinds of pseudomorphic Ing 25Gag 75As/
Al 32GaggsAs SQW structures simultaneously grown on the (411)A and (100) GaAs sub-

strates. An excitation laser beam with the wavelength of 325 nm (He-Cd laser) and power
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Figure 3.9: Photoluminescence spectra at 11 K of pseudomorphic Ing.5GagrsAs/
Alg50GagesAs QWs with Ly, = 13-23 nm simultaneously grown on (411)A and (100)
GaAs substrates

of 2 mW was focused on an area of a sample surface with a diameter of about 200 pm.
Generally speaking, PL peaks of (100) SQWs are red-shifted, especially for large L.,
compared with those of corresponding (411)A SQWSs. This is probably due to the dif-
ferent InGaAs/AlGaAs interface between (411)A and (100) samples, which results from
different growth mode between the (411)A and (100) surface. This is also discussed later
with AFM images of the InGaAs top layers. One prominent feature is a much smaller
linewidth of each PL peak observed for the (411)A SQWs compared with those of the
(100) SQWs, indicating much improved crystalline quality and flat interfaces of (411)A
SQWs. In the case of (411)A SQWs, sharp and strong PL peaks were observed for L,, =
13-19 nm, but when L,, exceeded 21 nm, the PL intensity apparently decreased and the

linewidth increased.

Figure 3.10 shows the full width at half maximum (FWHM) of PL peaks observed for
the (411)A and (100) In0.25Ga0_75As/A10,32Gao,ﬁgAs SQWS at 11 K as a function of well
width. PL-FWHM (5.7 meV) of the (411)A SQW with L, = 13 nm is as small as 44
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Figure 3.10: FWHM of PL peaks at 11 K of the (411)A and (100) pseudomorphic
Ing 25Gag.75As/Aly32GagesAs QWs as a function of well width. The solid and dotted
lines indicate the tendency of the variation of FWHM and the arrow sign indicates the
point around the critical thickness.

% of that (13 meV) of the corresponding (100) SQW. PL-FWHM of the (411)A SQWs
remained small (< 10 meV) until L,, = 19 nm and it increased slowly for L,, > 21 nm (12
~ 17 meV). On the other hand, broadening of PL peaks already started (13 ~ 32 meV)
even at L, = 13 nm for the (100) SQWs. Broadening of PL peaks in thick QW layer
arises from many factors, for example strain relaxation, segregation, and so on. But at
this low growth temperature (T; = 480°C), the segregation length is small (about 1 nm
for (100) QW [11]). So the effect of In segregation is very small in these thick QWs and
the main factor is the strain relaxation. These results suggest that the critical thickness
of the (411)A Ing25Gag75As/Aly32GagesAs QWs determined by PL is approximately 20
nm, which is more than 60 % larger than that (around 12 nm) of the (100) SQWs.

Figure 3.11 shows the critical thicknesses in the (411)A and (100) Ing.s5GagrsAs/
Alp 30GagesAs QWs determined in this study and the calculated critical thicknesses used
by the mechanical equilibrium model [12] for (100) InGaAs/GaAs QWs. The critical

thickness of the present (100) QWs shows good agreement with the calculated value and
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Figure 3.11: The critical thickness of the In,Ga;_;As layers in (411)A and (100)
Ing25Gag.7sAs/Alg 32Gag s As QWs plotted as a function of In content (z), together with
previously reported data for similar (100) In,Ga;_,As/GaAs QWs.[13-16]

also with observed data for (100) InGaAs/GaAs QWs determined by PL. [13, 14, 15,
16] The observed critical thickness of the (411)A QWs is significantly larger than the
calculated and observed value for the (100) QWs.

3.3.3 Surface morphology of Ings;Gag7;As layer

Figure 3.12 shows AFM images of surface morphologies of the Ing25Gag75As top layers
with the thickness of Ly, grown on the (411)A (a) and the (100) (b) SQWs. The scan
area was 5 um X 5 um . There was no cross-hatch pattern on the (411)A Ing25Gag.rsAs
for Ly = 13 - 15 nm. A few cross-hatch lines began to appear on the surface for the L,
= 17 nm and with further increasing L, number of the cross-hatch lines increased. This
indicates that misfit dislocations start to be introduced at around L, = 17 nm for the
pseudomorphic (411)A InGaAs layers, which is slightly smaller than the critical thickness
(~ 20 nm) determined by the PL measurements. These dislocations did not affect the PL

property of the QWs with L., = 17 and 19 nm. The roughness of the (411)A Ing25Gag 75As
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Figure 3.12: AFM images of (a) the (411)A and (b) (100) Ing25Gag.75As top layer with
thickness of Ly (13 - 23 nm). The scan area is 5 um x 5 um.

texture, however, was very small in the regions except for the cross-hatch lines. For the
(100) Ing 25Gag 75As layers, no cross-hatch pattern was observed for all samples, but small
islands and rough texture were seen on the surface, particularly for L,, > 17 nm, and this
roughness of the surface texture was much larger than that of the (411)A Ingo5Gag 75As.
It is thought that the thick (100) QW was grown in 3D growth mode which was caused
by strain relaxation (Stranski-Krastanov growth mode), and the 3D islands may be more
easily formed on the strained (100) InGaAs than (411)A InGaAs. It will be due to the
difference of the surface stability between the (411)A and the (100). The (411)A surface

is more stable than the (100) surface during MBE growth. This is one of the main factor
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of large critical thickness of (411)A QW.

3.3.4 Summary

The critical thickness of MBE-grown Ing 25Gag.7s As/Alg 32GagesAs SQWSs on the (411)A
and (100) GaAs substrates was investigated by PL and AFM measurements. The critical
thickness of (411)A Ing25Gag7sAs/Aly32GagesAs SQWs was determined to be approxi-
mately 20 nm from the observed PL-FWHM at 11 K, which is much larger than that (~
12 nm) of the (100) SQWs. We believe that this lager critical thickness should be an-
othér advantage of the (411)A pseudomorphic InGaAs/AlGaAs QWs besides the (411)A

super-flat interfaces for device applications of this material.
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3.4 Surface segregation of In atoms

For the MBE growth of the pseudomorphic InGaAs/AlGaAs heterostructures, surface
segregation of In atoms, which degrades compositional abruptness of heterointerfaces,
was significantly observed by in-situ surface-sensitive experiments such as Auger electron
spectroscopy (AES), X-ray photoemission spectroscopy (XPS) [17] and reflection high-
energy diffraction (RHEED) [18]. Therefore, the In surface segregation makes a large
influence on a quantization energy level in the QW, which was studied by secondary ion
mass spectroscopy (SIMS) and PL measurements. [11, 19] In this section, we studied
substrate temperature (7;) dependence of In surface segregation during MBE growth of
InGaAs on (411)A GaAs substrates. In surface segregations were characterized by high
resolution X-ray diffraction (HRXRD) measurements of (411)A InGaAs/GaAs SLs and PL
measurements of (411)A InGaAs/AlGaAs QWs. We discuss the mechanism of In surface
segregation on the (411)A growth-layer plane and its correlation with heterointerface

flatness of (411)A InGaAs/AlGaAs QWs.

3.4.1 Experimental details

All samples used in this study were grown by a VG semicon V80H MK-II MBE sys-
tem. (411)A and (100)-oriented GaAs substrates were prepared by conventional chemical
treatments and they were mounted side by side on a Mo substrate holder. Native oxides
on the GaAs substrates were removed by heating up to a substrate temperature (7;) of
650°C under As, atmosphere in the MBE growth chamber. For HRXRD measurements,
15-periods pseudomorphic In,Ga;_,As (6.8 nm) /GaAs (9 nm) SLs (z ~ 0.08) were grown
at T = 450, 480, 510 and 540°C under V/III pressure ratio of 14. Growth rates of InGaAs
and GaAs were 0.76 and 0.7 pum/h, respectively. Layer-thicknesses of InGaAs and GaAs
layers and In contents (z) in In,Ga;_,As were characterized by HRXRD rocking curves
of the samples. For PL measurements, pseudomorphic In,Ga; ,As/Aly2sGagreAs QWs
(x ~ 0.2) with various well widths (Ly, = 1.5-14.8 nm) were grown at T, = 450-540°C
under V/IIT = 10. AlGaAs barriers were 20 nm thick and growth rates of InGaAs and

AlGaAs were about 0.98 and 1.0 um/h, respectively. The substrates were not rotated
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during MBE growth.

High resolution X-ray diffraction measurements were performed with an incident X-ray
beam (Cu Ko1) monochromated by a (220)-oriented Ge asymmetric four crystal system.
Rocking curves of the InGaAs/GaAs SLs were measured by w-26 scans (where w and 26
are the angles of the sample and detector relative to the incident X-ray beam) around
low-incidence asymmetric (511) reflections for the (411)A samples, and those around
symmetric (400) reflections for the (100) samples. Photoluminescence from the InGaAs/
AlGaAs QWs were measured at 12 K with a He-Cd laser as an excitation source. The
excitation laser beam was focused on an area approximately 200 ym in diameter of the

sample surface and the exception power was 5 mW.

3.4.2 Results and discussion

HRXRD measurements of InGaAs/GaAs SLs

Figure 3.13 shows HRXRD rocking curves of the InGaAs/GaAs SLs simultaneously
grown on the (411)A and (100) GaAs substrates at various substrate temperatures. In
Fig. 3.13, intensities of HRXRD rocking curves are normalized at intensities of Oth-order
reflections I(0) observed around Aw ~ - 1000 sec for the (411)A SLs and Aw =~ - 620
sec for the (100) SLs apart from reflections of GaAs substrates. The Oth-order reflection
peaks of the (411)A SLs grown at T = 450-510°C were observed at almost the same angle
(Aw =~ - 1000 sec) as shown in Figs 3.13(b)-3.13(d), while that of the (411)A SLs grown
at T, = 540°C was observed at Aw = - 900 sec as shown in Fig 3.13(a). On the other
hand, peak angles of the Oth-order reflections of the (100) SLs are almost the same (Aw
~ - 620 sec) for T, = 450-540°C [Figs. 3.13(e)-3.13(g)]. This indicates that a significant
amount of In atoms were desorbed at T; = 540°C on the (411)A InGaAs growth-layer
plane, which did not occurred on the (100) plane. Most prominent feature in Fig. 3.13
is that normalized-intensities of -1st and 1st-order reflections [I(—1)/I(0) and I(1)/I(0)]
decreases with increasing substrate temperature for both the (411)A and (100) SL samples.
This is due to degradation of InGaAs/GaAs heterointerfaces in their abruptness caused

by In surface segregation effect, which is the same effect as interdiffusion of Ga and Al
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Figure 3.13: HRXRD rocking curves around low-incidence asymmetric (511) reflections
of the (411)A InGaAs/GaAs SLs grown at T; = (a) 540, (b) 510, (c) 480 and (d) 450°C,
and those around symmetric (400) reflections of the (100) SLs grown at T; = (e) 540, (f)
480 and (g) 450°C.

atoms in a GaAs/AlAs SL. [20]

For a quantitative analysis of the In surface segregation, we calculated angles of the
satellite peaks and an an intensity ratio of the -1st-order peak relative to the Oth-order
peak [I(—1)/I(0)] of the InGaAs/GaAs SL. In order to determine a profile of the In
content along the growth direction, we used In segregation model during MBE proposed
by Muraki et al. [11, 19] In their segregation model, it is assumed that a certain fraction
R of the In atoms on the growing surface segregate to the next growing surface with a
nominal In content of zy. According to this model, In content of the nth layer (z,) in a

primitive unit cell of the InGaAs/GaAs SL is given by

z{wou—R)" (1<n<N)

zo(1— RYR* Y (n> N) ’ (3.1

where N is thickness of the InGaAs layer in monolayers. The segregation probability R

can be calculated from In segregation length A using a relation given by
d
R =exp <—X) , (3.2)
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where d is monolayer thickness of GaAs. Assuming this profile of In content in the
InGaAs/GaAs SL, we calculated reciprocal lattice points q around (511) reflections for
the (411)A InGaAs/GaAs SLs taking into account of strain components on high index
substrates. [9] We also calculated those around (400) reflections for the (100) SLs. Thus,
we obtained angles of satellite peaks of the SLs from the calculated q. The scattering
amplitude F'(q) at the reciprocal lattice point of q is given by the usual sum over lattice

points in the SL, which is written as

F(q) =m-}_ fj(q) exp(—iq 1)), ' (3.3)

where m is superlattice periods, f;(q) is the atomic scattering factor for the jth lattice
point in the primitive unit cell of the SL, and r; is the position of the jth lattice point.

Then, the intensity ratio of the -1st-order peak relative to the Oth-order peak is given by

2

I(—l) — ‘F(q—ls’c)
I1(0) F(qotn)

(3.4)

where qoin and q_j¢ are reciprocal lattice points of Oth- and -1st-order satellite peaks of
the SL. We calculated I(—1)/1(0) around the (511) reflection for the (411)A SL and that
around the (400) reflection for the (100) SL.

Figure 3.14 shows calculated results of the Oth-order peak angle (a broken line) and
I(—1)/I(0) (asolid line) in the low-incidence diffraction pattern around the (511) reflec-
tion for the (411)A InGaAs (6.8 nm) / GaAs (9 nm) SL with z5 = 0.08 plotted as a
function of In segregation leﬁgth A. It can be clearly seen that the calculated I(—1)/I(0)
is almost the constant for A < 0.5 nm, while I(—1)/I(0) drastically decreases from 0.22
to 0.08 with an increase in the In segregation length from 0.5 nm to 3 nm. On the other
hand, the calculated Oth-order peak angle is almost the constant (Aw ~ 980 sec) for 0 <
A < 3 nm. Therefore, the intensity ratio of the -1st-order peak relative to the Oth-order
peak is very sensitive to the In segregation length for A > 0.5 nm. Thus, we determined
Zp and A in the SL samples by comparing observed HRXRD results and calculated ones,

which are summarized in Table 3.2.
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Figure 3.14: Calculated results for the intensity ratio of -1st-order peak relative to Oth-
order peak (a solid line) and the angle of the Oth-order peak (a broken line) in the
low-incidence diffraction pattern around the (511) reflection of the (411)A InGaAs (6.8
nm)/GaAs (9nm) SL with zo = 0.08 plotted as a function of In segregation length.

Table 3.2: In segregation length ()\) and nominal In content (zo) of the InGaAs/GaAs
SLs grown at various substrate temperature (7;) determined from HRXRD results.

Substrate orientation Ty (°C) A (nm)
(411)A 450 140 0.081
480 1.94 0.082
510 2.36  0.083
540 1.79  0.073
(100) 450 053 0.080
480 0.67  0.080
540 2.84 0.080
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Figure 3.15 shows determined In segregation lengths for the (411)A and (100) samples
as a function of substrate temperature. Reported In segregation lengths for (100) InGaAs/
GaAs QWs, which were characterized by SIMS measurements [11, 19], are also plotted
in Fig. 3.15. In the temperature range of T, = 450-510°C, the In segregation lengths
of both the (411)A and (100) samples have a temperature dependence of the thermal
activation type with the same activation energy (E,) of 0.4 eV. However, the values of )
of the (411)A samples are about three times larger than those of the (100) samples. This
can be explained by a surface segregation model based on the surface migration of group
III atoms. Surface migration lengths of In and Ga atoms on the (411)A crystal-plane is
much larger than those on the (100) plane [6, 21], in other words, incorporation life-times
(7c) of In and Ga atoms on the (411)A plane are much longer than those on the (100).
Probability of In atoms climbing to the growing surface, i.e. In segregation probability,

should be larger for the longer 7., which is the same as that reported for segregations
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of Ga and Sb dopants during Si-MBE on (100) and (111) Si substrates. [22] It is also
worth mentioning that potential energy for In atoms climbing to the next layers is the
same for both the (411)A and (100) samples, indicating that the potential energy for
In segregation should have no dependence on the substrate orientation. The activation
energy of )\ studied by SIMS is almost the same as that of our results, however, values
of X\ are larger than those of the (100) samples in this study. This is probably due to
lower growth rates of InGaAs and GaAs, which give lower 7. of InGaAs and GaAs, and
different V/III pressure ratio during MBE compared with those for our (100) samples. A
of the (411)A sample decreases with increasing T; from 510°C to 540°C. This is because
a significant amount of In atoms desorbs from the InGaAs growing surface at T, = 540°C.
In fact, nominal In content of the (411)A sample grown at T, = 540°C (zo = 0.073) is
12% smaller than that of the sample grown at T, = 510°C (z¢ = 0.083) as shown in Table
3.2. It have been reported that desorption of In atoms, which reduces surface population
of In atoms, apparently suppresses In surface segregation [19]. In contrast with this, A of
the (100) sample drastically increases with increasing T from 510°C to 540°C, which is
probably due to no In desorption from the (100) surface and much rough InGaAs growing

surface as describing below.

PL measurements of InGaAs/AlGaAs QWs

Figure 3.16 shows PL spectra at 12 K from the pseudomorphic In,Ga;_,As/
Aly 28Gag0As QWs (z ~ 0.2) grown at T = 450 and 510°C simultaneously on (411)A
and (100) GaAs substrates. PL peaks around 733 nm observed in Figs. 3.16(a)-3.16(d)
correspond to luminesceneces from GaAs/Al25Gagr2As QWs with Ly, ~ 2.8 nm, which
are grown on pseudomorphic InGaAs/AlGaAs QWs in order to determine thicknesses
of GaAs layers. A slight variation of PL peak wavelengths (732-735 nm) of the GaAs/
AlGaAs QWs is due to a variation of GaAs thicknesses, which is caused by no substrate
rotations during MBE. Luminescences from the InGaAs/AlGaAs QWs grown at T, =
510°C [Figs 3.16(a) and 3.16(b)] were observed at higher energy sides compared with
those from the corresponding QWs grown at Ts = 450°C [Figs 3.16(c) and 3.16(d)] for
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Figure 3.16: PL spectra at 12 K from the (411)A and (100) InGaAs/AlGaAs QWs grown
at T, = 450 and 510°C.

both the (411) and (100) samples, while, such blue-shifts were not observed for lumines-
cences from GaAs/AlGaAs QWs. These blue-shifts of PL peaks were due to In surface
segregation effect as shown in HRXRD results. Furthermore, much narrower PL peaks
from the (411)A QWs were observed at higher energy sides compared with those of the
corresponding (100) QWs for both the substrate temperature (T, = 450 and 510°C).

In order to investigate the blue-shifts of PL peaks from the (411)A QWSs compared with
those of the corresponding (100) QWs, we calculate PL peak energies of the QWs taking
into account of In surface segregation effects. Potential profiles of the QWs were assumed
to be obtained by using In content profiles given by eq. (3.1), thus lowest quantization
energies for an electron and a hole were calculated. For a calculation, we also took into
account of a strain-induced InGaAs band-gap energy shift (AE,), which is determined

by strain components in the InGaAs layer [8], and a band offset ratio was taken to be
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Figure 3.17: PL peak energies of the (411)A and (100) InGaAs/AlGaAs QWs grown at
T, = 450°C plotted as a function of well widths. Broken lines are calculated ones taking
into account of In surface segregation effect.

0.6. In segregation length A determined by the HRXRD result was used, and z, was used
as a fitting parameter. In Fig. 3.17, observed PL peak energies from the (411)A (open
circles) and (100) QWs (closed circles) grown at T = 450°C and calculated ones (broken
lines) were plotted as a function of well width. Thicknesses of InGaAs well widths of the
(411)A and (100) QWs were calibrated by z, and thickness of GaAs determined by PL
peaks from GaAs/AlGaAs QWs. Observed PL peak energies of the (411)A and (100)
QWs were well fitted by almost the same zo (zo = 0.200 for the (411)A QWs and z;
= 0.195 for the (100) QWs), which is good agreement with HRXRD results. Thus, the
observed blue-shifts of PL peaks from the (411)A QWs compared to the corresponding
(100) QWs can be well explained by differences of AE, and In segregation length.
Figure 3.18 illustrates substrate temperature dependence of full widths at half max-
imums (FWHMs) of the PL peaks from the (411)A and (100) InGaAs/AlGaAs QWs
plotted as a function of wavelength. PL FWHMs of the (411)A QWs have almost no
dependence on T, [Fig. 3.18(a)], while those of the (100) QWs strongly depends on T
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Figure 3.18: Substrate temperature dependence of PL FWHMSs at 12 K of the (a) (411)A
and (b) (100) InGaAs/AlGaAs QWs plotted as a function of wavelength.

[Fig. 3.18(b)]. In case of the (100) QWs grown at T; = 540°C, the PL FWHM degraded
as increasing well width, indicating that roughness of the (100) InGaAs growing surface
increased consistently with their thickness at high T, of 540°C. In contrast with this,
PL FWHMs of the (411)A QWs grown at T; = 540°C did not degrade as increasing
well width, indicating that a flat InGaAs growing surface was achieved even at high T
of 540°C. Furthermore, PL FWHMSs of all the (411)A QWs are 20-30% smaller than
those of the corresponding (100) QWs gfown at T, = 510°C, which have the smallest
PL FWHMs in the (100) samples. These results indicate that interface flatness in the
(411)A QWs does not degrade even at higher T; which makes In surface segregation more
“enhanced, and superior interface flatness in the (411)A QWs compared with those of the
(100) QWs can be achieved at a wide substrate temperature range. No degradation of
PL FWHMs from the (411)A QWs grown at high T; also indicates that the In surface
segregation uniformly proceeds in the (411)A growth-layer plane. As a result, “(411)A
super-flat interfaces” (effectively atomically flat interfaces over a wafer-size are) can be
- formed in pseudomorphic InGaAs/AlGaAs QWs at a wide substrate temperature range
(Ts = 450-510°C).
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3.4.3 Summary

We investigated that In surface segregation during InGaAs growth on (411)A GaAs sub-
strates by MBE and its correlation with interface flatness in the pseudomorphic (411)A
InGaAs/AlGaAs QWs. Values of In segregation lengths of the (411)A InGaAs are about
three times larger than those of simultaneously grown (100) InGaAs, however, the ac-
tivation energy of the In segregation length for the (411)A InGaAs is the same as that
for the (100) InGaAs. This behavior of the In segregation length can be well explained
by a surface segregation model base on surface migration of group III atoms. PL peak
energies at 12 K of the pseudomorphic (411)A and (100) InGaAs/AlGaAs QWs were well
explained by calculated ones taking into account of the In surface segregation, which were
characterized by HRXRD measurements. Much narrower PL linewidths of the (411)A
QWs compared with conventional (100) QWs have almost no dependence on the sub-
strate temperature, indicating that superior interface flatness does not degrade even if In
surface segregation is enhanced by an increase in the substrate temperature in the range
of T, = 450-510°C. Therefore, In surface segregation uniformly proceeds in the (411)A
growth-layer plane and (411)A super-flat InGaAs/AlGaAs interfaces can be formed at a
wide substrate temperature range. These results are important information for fabricating

pseudomorphic InGaAs/AlGaAs quantum devices with (411)A super-flat interfaces.
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Chapter 4

InGaAs/InAlAs system on (411)A
InP substrates

4.1 Properties of InGaAs layer on (411)A InP

In this section, we investigated structural and optical properties of In,Ga;_,As layers
(0.505 < z < 0.545) grown on (411)A InP substrates by MBE. High-resolution X-ray
diffraction (HRXRD) and low-temperature PL measurements were used for characteriza-

tion.

4.1.1 MBE growth procedures

(411)A and (100)-oriented InP substrates were degreased and etched by Bry/CH3;0H
etchants to remove residual impurities on the surfaces, and they were mounted side by
side on a 2 in Mo block of a substrate holder. After loading into a growth chamber of a
Nissin RB-2001G MBE system, native oxides on the InP substrate surfaces were removed
by increasing substrate temperature (7;) up to 520°C under As; beam flux. In,Ga;_,As
layers (z = 0.505-0.545, about 800 nm thick) were grown simultaneously on (411)A and
(100) substrates under two growth conditions [(1) T, = 490°C, V/III = 10 (in pressure
ratio) or (2) T, = 520°C, V/III = 15]. Growth rate of the InGaAs layers was about 1
pm/h and the substrates were rotated at 30 rpm during MBE growth. In contents (z) of
the In,Ga;_,As layers were observed by HRXRD measurements. Variations of In contents
in the (411)A and (100) samples with sized 10 mm? were less than 0.5%. HRXRD and
PL measurements were performed at the center of the (411)A and (100) samples, which

were mounted side by side at the center of the Mo substrate holder. This indicates that
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the observed In contents of the (411)A samples were the same as those of simultaneously
grown (100) samples. Surfaces of all samples observed by a Nomarski-type microscope
were featureless, and any cross-hatch pattern or cracking due to lattice mismatch was not

observed.

4.1.2 HRXRD measurements

Structural properties of the In,Ga;_;As layers grown on (411)A InP substrates were
characterized by HRXRD measurements. An incident X-ray beam with a wavelength
(A = 0.15406 nm) of Cu Kal was monochromated by a (220)-oriented Ge asymmetric
four-crystal system. InGaAs samples were mounted on a computer-controlled goniometer
stage, and the diffracted X-ray intensity was counted as a function of the incident beam
angle.

Figure 4.1 shows HRXRD rocking curves around the (400) reflection of In,Ga;_,As
layers (z = 0.505) grown at T = 520°C and V/III = 15 on (411)A and (100) InP sub-
strates. The (400) reflection is an asymmetric reflection for the (411)A samples, so
HRXRD rocking curves around the low- and high-incidence angle (400) reflections are
shown in Figs. 4.1(a) and 4.1(b), respectively. Peak angle difference between the InGaAs
epifaxial layer and the InP substrate for the low-incidence angle (400) reflection was 655
sec, which is much different from that (173 sec) for the high-incidence angle (400) re-
flection. This result indicates that the [400] direction of the (411)A InGaAs crystals is
different from that of the (411)A InP substrate due to a small amount of strain caused by
lattice mismatch. Full-widths at half maximum (FWHMs) of the low- and high-incidence
angle (400) peaks of the (411)A InGaAs layer were 44 sec and 33 sec, respectively, which
are better than or comparable to that (44 sec) of the (100) InGaAs layer [Fig. 4.1(c)].
Hence, crystal uniformity of the (411)A InGaAs is almost the same or slightly better than
that of the (100) InGaAs.

In order to evaluate the magnitude of the strain in the (411)A InGaAs ldyers, we
calculated the peak angle difference between the InGaAs layer and the InP substrate by

taking into account elastic strain in the InGaAs layer on (411)A InP substrate. Yang
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Figure 4.1: HRXRD rocking curves around the (400) reflection of an In,Ga;_,As layer (z
= 0.505) on a (411)A InP substrate for (a) low-incidence and (b) high-incidence angles,
and (c) a rocking curve around the (400) reflection of an In,Ga;_,As (z = 0.505) layer
on a (100) InP substrate. These InGaAs layers were simultaneously grown at T; = 520°C
and V/III = 15.

et al. [1] reported a model in which the strain components of a pseudomorphic layer
grown on an arbitrarily oriented substrate can be calculated. In this model, the strain
components of the pseudomorphic layer were derived by minimizing the elastic strain
energy density under the “constrained” condition where all vectors connecting any two
lattice points on a crystal plane parallel to the interface in a pseudomorphic layer should
be equal to the corresponding vectors in the substrate crystal, as illustrated in Fig. 4.2.
We calculated unit reciprocal vectors of the pseudomorphic In,Ga;_,As layer on the
(411)A InP substrate using calculated strain components. A lattice constant (a;ngaas)
of In,Ga;_,As without any strain was assumed to be given by Vegard’s law. Then,

the difference (Aw) in peak angle between the InGaAs layer and the InP substrate in a

HRXRD rocking curve around a low-incidence angle (400) reflection is given by

AW = WinGeas — Wimp — A8,  for wingeas < Winp, (4.1)

AW = WinGeas — Winp + A8, for wingeas > Winp, - (4.2)
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Figure 4.3: Difference (Aw) in peak angle between the In,Ga;_,As layer and the InP
substrate in the HRXRD rocking curves around the (400) reflection of the (411)A sam-
ples as a function of In content (z). Open circles and a solid line (open squares and a
dotted line) are the observed and calculated results, respectively, for low-incidence angle
diffraction (for high-incidence angle diffraction). Observed results are in good agreement
with the calculated ones.
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and Aw for the high-incidence angle case is given by

Aw = WinGeas — Winp + Ag; for wrngeas < Winp, (43)

Aw = Wrngaas — Winp — A,  fOr Wingeas > winp, (4.4)

where wingeas and wr,p are the (400) Bragg diffraction angles of InGaAs and InP, and
AQ is the angle difference between the (400) reciprocal vectors of the InGaAs layer and
the InP substrate.

Observed Aw of the (400) reflection as a function of In content of the In,Ga;_, As layers
is shown in Fig. 4.3. Open circles and open squares show observed Aw for the low- and
high-incidence angle (400) reflections, respectively, and solid and dotted lines illustrate
calculated Aw using eqs. (4.1)-(4.4). In contents (z) of the (411)A In,Ga;_,As layers
were determined from the (400) HRXRD curves of the In,Ga;_,As layers simultaneously
grown on the (100) InP substrates. The calculated results showed good agreement with
the experimental results, as can be seen in Fig. 4.3. These results indicate that there is
no relaxation of lattice mismatch in the In,Ga;_,As layers grown on (411)A-oriented InP

substrates for 0.505 < z < 0.545.

4.1.3 PL measurements

Optical properties of the (411)A InGaAs layers were characterized by low temperature
PL measurements (T = 12-50 K). The excitation laser used was a He-Cd laser (A = 325
nm) with an excitation power of 5 mW. The excitation beam was focused on an area
of the substrate surface measuring approximately 200 ym diameter. Figure 4.4 shows
temperature dependence of the PL spectra of the Ings3Gag47As layers grown at Ty, =
490°C and V/III = 10 on (411)A and the (100) InP substrates. A PL peak at 12 K of
the (411)A InGaAs layer was observed at a wavelength of 1562 nm with a small tail at
the low-energy side. Line shapes of PL peaks of the (411)A InGaAs layer were almost the
same over the whole temperature range of 12-50 K as shown in Fig. 4.4(a), while a PL
peak of the (100) InGaAs layer has a double-peak feature (A = 1563 nm and 1576 nm),

and the high-energy peak increases in intensity with increasing temperature from 12 K
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Figure 4.4: Temperature dependence of photoluminescence spectra of the In,Ga;_,As (z
= 0.53) layers grown at T; = 490°C and V/III = 10 on (a) (411)A and (b) (100) InP
substrates.

to 50 K [Fig. 4.4(b)]. The low-energy PL peak (A = 1576 nm) from the (100) sample
at 12 K is due to defect- or impurity-related luminescence, and the shoulder at the high-
energy side (A = 1563 nm) is due to band-to-band luminescence. Further investigations
are necessary to determine the exact origins of the luminescence peaks. The PL peak of
the (411)A sample is considered to be mainly dominated by band-to-band luminescence,
because the wavelength of the PL peak is almost the same as that (1563 nm) of the band-
to-band luminescence of the (100) InGaAs layer, and these two samples have the same
In content, which was confirmed by HRXRD measurements. FWHM of the PL peak of
the (411)A sample at 12 K was 6.7 meV, which is about 20% smaller than that (8.4 meV
at 12 K) of the (100) sample. Furthermore, integrated intensity of the PL peak from the
(411)A InGaAs layer was about three—five times larger than that of the (100) InGaAs
layer. These results imply that incorporation of impurities and non radiative centers such
as defects into the (411)A InGaAs layer during MBE growth is significantly suppressed

compared with the conventional (100) InGaAs layer.
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Figure 4.5: Photoluminescence spectra observed at 12 K for the In;Ga;_;As layers (z =
0.505) grown at an elevated temperature T, of 520°C and V/III = 15 on (a) (411)A and
(b) (100) InP substrates.

Figure 4.5 shows PL spectra observed at 12 K for the In,Ga;_,As layers (z = 0.505)
grown at an elevated temperature (T; = 520°C) and V/III = 15 on (411)A and the (100)
InP substrates. Excitation power of the He-Cd laser was reduced to 0.5 mW for these
PL spectra. PL peaks from the (411)A and the (100) InGaAs layers were observed at
the same wavelength of 1540 nm, and these PL peaks are considered to be dominated by
band-to-band luminescence because there was no difference among the PL line shapes at
12 K and elevated temperatures (12-50 K) for both the (411)A and the (100) samples.
PL FWHM (1.9 meV) of the (411)A InGaAs layer was 52% smaller than that (4.0 meV)
of the simultaneously grown (100) InGaAs layer, and almost the same as the optimum
value (1.2-3.0 meV) reported for InGaAs layers grown on (100) InP substrates by MBE
[2, 3] and chemical beam epitaxy (CBE) [4]. This result also indicates that incorporation
of impurities or defects into an InGaAs layer grown on the (411)A InP substrate by MBE
is suppressed more than that into a conventional (100) InGaAs layer, and high-quality

InGaAs layers can be easily grown on the (411)A InP substrates.
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4.1.4 Summary

High-quality In,Ga;_,As layers (0.505 < z < 0.545, about 800 nm thick) were grown
on (411)A-oriented InP substrates by MBE. Observed residual strain in the (411)A
In,Ga;_,As layers by HRXRD measurements showed good agreement with the calcu-
lated results based on the “constrained” model [1] for a pseudomorphic layer grown on
the high index plane of a substrate, indicating that there were no relaxations of lattice mis-
match in the (411)A InGaAs layers. Low-temperature photoluminescence measurements
showed significantly improved optical properties of the (411)A InGaAs layers compared
with those of simultaneously grown InGaAs layers on a (100) InP substrate; this im-
provement is probably due to reduced incorporation of impurities and/or defects in the
(411)A samples during MBE growth. The observed PL FWHM (1.9 meV) of the (411)A
In,Ga;_,As layer (x = 0.505) grown at 520°C and V/III = 15 was almost the same as the
optimum value (1.2-3.0 meV) reported so far for InGaAs layers grown on the (100) InP
substrates. These results imply that high-quality InGaAs layers can be easily obtained

by MBE growth on (411)A InP substrates.
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4.2 Properties of InAlAs layer on (411)A InP

MBE growth of a high quality InAlAs barrier layers is essential in order to achieve
high quality InGaAs/InAlAs heterostructures. In this section, we investigated that MBE
growth conditions of high quality InAlAs layers on (411)A-oriented InP substrates with
the use of high resolution X-ray diffraction (HRXRD) and low-temperature (12 K) PL

measurements.

4.2.1 MBE growth of InAlAs layers

The (411)A-oriented InP substrates were degreased and etched by Br,/CH3OH to remove
residual impurities on the substrate surfaces, and they were mounted side by side with
(100) InP substrates on a 2-inch Mo holder with In solder. After loading into a growth
chamber of a Nissin RB-2001G MBE system, native oxides of InP were desorbed by raising
substrate temperature (T;) up to 520°C under As; beam flux. 800 nm-thick In,Al;_,As
layers (z = 0.49 ~ 0.52) were grown on these substrates under two growth conditions of
(1) Ts = 520°C, V/III (Ass/(In+Al)) = 16 (in pressure) and (2) T; = 570°C, V/III = 9.
A growth rate of the InAlAs layers was about 1 um/h and the substrates were rotated
at 30 rpm during MBE growth. Beam flux intensities of In and Al were adjusted with
the use of a beam flux monitor, and In contents (x) of In,Al;_,As layers were checked by

high resolution X-ray diffraction (HRXRD) measurements.

4.2.2 Crystalline properties of InAlAs layers

Figure 4.6 shows surface morphologies of the InAlAs layers simultaneously grown on
(411)A- [(a) and (b)] and (100)-oriented [(c) and (d)] InP substrates observed by a No-
marski interference microscope. Figs 4.6(a) and 4.6(c) are surface morphologies of the
InAlAs layers grown at Ts = 520°C, and Figs 4.6(b) and 4.6(d) are those of the InAlAs
grown at T; = 570°C. Surface morphologies of the (100) InAlAs layers are quite fea-
tureless even for two different growth conditions. In case of the (411)A InAlAs layers,
quite a featureless surface was observed for T, = 570°C, while a rough surface for 7 =

520°C, indicating that enhancement of surface migration of group III atoms (In, Al) by a
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Figure 4.6: Surface morphologies of the InAlAs layers simultaneously grown at 7, = 520
and 570°C on (411)A- [(a) and (b), respectively] and (100)-oriented [(c) and (d)] InP
substrates by MBE.

high substrate temperature is necessary to obtain flat surfaces of InAlAs layers grown on

(411)A InP substrates.

Figure 4.7 shows HRXRD rocking curves around low-incidence (511) reflection of the
InAlAs layers grown on (411)A InP substrates. An incident X-ray beam with a wavelength
(A =0.15406 nm) of Cu Kal was obtained by a (220)-oriented Ge asymmetric four-crystal
monochromator. InAlAs samples were mounted on a computer-controlled goniometer
stage, and a diffracted X-ray intensity was counted as a function of the incident beam
angle. A sharp peak from the (411)A InAlAs layer grown at Ty = 570°C is clearly seen at
104 sec apart from a (511) reflection peak of the InP substrate [full width at half maximum
(FWHM) of 34 sec] in Fig. 4.7(a), while a broaden peak from the (411)A InAlAs grown at
T = 520°C is observed at 775 sec apart from a substrate peak (FWHM of 450 sec) in Fig.
4.7(b). By comparing these reflection angles with calculated ones taking into account of
the strain components of InAlAs layers on (411)A InP substrates [1], In contents (x) of

the (411)A IngAl;_,As layers grown at T, = 520 and 570°C were determined to be .49
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Figure 4.7: HRXRD rocking curves around (511) reflections of the InAlAs layers grown
at Ts = 570°C (a) and Ts = 520°C (b) on (411)A InP substrates.

and 0.52, respectively. The difference of the In content between these two samples is due
to different beam flux intensity ratio [In / (In + Al)]. Relaxation of lattice-mismatch did
not occur in these two samples, which was confirmed by HRXRD measurements of high-
and low-incidence asymmetric (511) reflections for these two samples. The InAlAs layers
simultaneously grown on (100) InP substrates showed the same In contents as those of
the (411)A InAlAs layers. HRXRD measurements around (400) reflections were used for
the (100) samples. A most prominent feature in HRXRD rocking curves in Fig. 4.7 is
that the linewidth of the (411)A InAlAs peak is much improved by increasing Ts from
520°C to 570°C. These results indicate that the high substrate temperature (T = 570°C)
is very important for MBE growth of InAlAs layers with featureless surface morphology

and high crystalline quality.
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Figure 4.8: PL spectra (12 K) from InAlAs layers simultaneously grown at T, = 520
and 570°C on (411)A- [(a) and (c), respectively] and (100)-oriented [(b) and (d)] InP
substrates. ;

4.2.3 Optical properties of InAlAs layers

Figure 4.8 shows PL spectra from InAlAs layers simultaneously grown on (411)A and
(100) InP substrates at 12 K. An excitation laser was a He-Cd laser (A = 325 nm) with
an excitation power of 2 mW. The excitation beam was focused on an area of about 200
pm diameter of the substrate surface. A much broadened PL peak was observed from
the (411)A InAlAs layer grown at Ty = 520°C, as shown in Fig. 4.8(a), while a sharp
peak at 792.8 nm (FWHM = 15.5 meV) from the (100) InAlAs is clearly seen in Fig.
4.8(b). A broadened PL peak from the (411)A InAlAs grown at T, = 520°C is due to
poor crystalline quality of the InAlAs layer, which is consistent with results of crystalline
characterization by HRXRD. In contrast with this, a very sharp PL peak was observed
at 804.5 nm (FWHM = 10.7 meV) from the (411)A InAlAs layer grown at T, = 570°C
[Fig. 4.8(c)], while a broadened PL peak was observed at 814.6 nm (FWHM = 21.5
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meV) from the (100) InAlAs [Fig. 4.8(d)]. It is worth to note that when the substrate
temperature was increased from 520°C to 570°C, PL properties of the (411)A InAlAs
layer were drastically improved, while those of the (100) InAlAs were slightly degraded.
This result irﬁplies that MBE growth of the InAlAs layer at the high T, on the (411)A
face is more stable than that on (100). The linewidth of the PL peak from the (411)A
InAlAs layer is narrower than not only those of the (100) samples in this study but also
those of (100) InAlAs layers grown by MBE reported so far (FWHM = 12.8 meV at 15 K
[5], 15 meV at 4 K [6]). Therefore, the (411)A InAlAs layer grown at the high substrate
terﬁperatu;‘e of 570°C has better optical quality compared with any conventional (100)
InAlAs layers. Furthermore, the lineshape of the (411)A InAlAs is a single-peak at 804.5
nm [Fig. 4.8(c)], while that of the (100) InAlAs has a double-peak character, which
consists of a main-peak at 814.6 nm with a high-energy side shoulder around 804.5 nm

[Fig. 4.8(d)].

Figure 4.9 shows excitation power dependence of PL spectra from the (411)A and
(100) InAlAs layers simultaneously grown at Ts = 570°C. The lineshape of the PL peak
from the (411)A InAlAs layer almost does not depend on the excitation power in the
range of 0.05-2 mW as shown in Fig. 4.9(a). For the (100) InAlAs layer [Fig. 4.9(b)], the
relative PL intensity of the high-energy side peak (A = 804.5 nm) against the main peak
(A = 814.6 nm) are decreasing with decreases excitation power. The main PL peak at
814.6 nm of the (100) InAlAs layer is probably due to As-vacancy-related luminescence
because of the high substrate temperature of 570°C, and the high energy side shoulder
around 804.5 nm should be due to band-to-band luminescence. The PL peak from the
(411)A InAlAs is due to band-to-band luminescence, because (1) the lineshape almost
does not depend on the excitation power, and (2) the wavelength of the PL peak from the
(411)A InAlAs layer (A = 804.5 nm) is the same as the high-energy side shoulder of the
(100) InAlAs layer, which has the same In content (0.52) as that of the (411)A InAlAs
layer. This result indicates that the incorporation of defects such as As vacancies in the
InAlAs layer grown on a (411)A InP substrate is much suppressed compared with (100)

InAlAs even at a high substrate temperature of 570°C.
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Figure 4.9: Excitation power dependence of PL spectra (12 K) from the InAlAs layers
simultaneously grown on (411)A- (a) and (100)-oriented (b) InP substrates.

4.2.4 Summary

High quality InAlAs layers were successfully grown on (411)A-oriented InP substrates by
MBE. Crystalline and optical properties of the (411)A InAlAs layers grown under differ-
ent conditions revealed that a high substrate temperature of 570°C is very important for
(411)A InAlAs la,yérs with featureless surface morphology and good crystalline quality.
Even at a high substrate temperature (570°C), the incorporation of defects such as As va-
cancies in the (411)A InAlAs layer is much suppressed compared with the simultaneously
grown (100) InAlAs layer, which was characterized by PL measurements. Furthermore, a
linewidth of the PL peak from the (411)A InAlAs layer (10.7 meV) is 16-29% narrower
than those of conventional (100) InAlAs layers reported so far. [5, 6] Hence, MBE grown
(411)A InGaAs/InAlAs heterostructures should be suitable for novel quantum devices
such as HEMTs.
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4.3 Interface flatness in InGaAs/InAlAs QWs on
(411)A InP

Atomically flat interfaces of InGaAs/InAlAs heterostructures are very important for
achieving better device performance, but there exists = 1 monolayer fluctuation on
atomically flat InGaAs/InAlAs interface formed by conventional molecular beam epi-
taxy (MBE) [7, 8]. In this section, we report that much improved PL linewidths of
In0.53Ga0,47As /Ing s2Alp 4sAs QWs grown on (411)A InP substrates compared with those
for ;:onventional InGaAs/InAlAs QWs on (100) InP substrates.

4.3.1 MBE Growth of InGaAs/InAlAs QWs

The (411)A-oriented InP substrates were degreased and etched by Bry/CH;O0H to remove
residual impurities on the substrate surfaces, and they were mounted side by side with
(100) InP substrates on a 2-inch Mo substrate holder with the use of In solder. After
loading into a growth chamber of a Nissin RB-2001G MBE system, native oxides of InP
were desorbed by raising substrate temperature (T5) up to 520°C under As; beam flux.
After a buffer layer of a 500 nm thick InGaAs and a 4-periods Ing 50Alg 48 As/Ing 53Gag a7 As
(20 nm / 50 nm) superlattice was grown on these substrates, Ing 53Gag 47As/Ing 50Alp 45 As
QWs were grown at Ty = 570°C under V/III pressure ratio of 6. The substrates were
rotated at 30 rpm during MBE growth. Ings53Gag47As well widths (L) were 0.6, 1.2, 2.4,
3.6, 4.8, 7.2 and 12.0 nm, and Ing 50Alg 48As barrier layers were 20 nm thick. Growth rates
of InGaAs and InAlAs were about 1 um/h. Beam flux intensities of In, Ga and Al were
adjusted with the use of a beam flux monitor, and In contents of the QWs were checked
by high resolution X-ray diffraction (HRXRD) measurements. In contents of InGaAs
and InAlAs layers in the QWs were 0.516 and 0.514, respectivély. Layer thicknesses

of Ings3Gag47As layers were checked by cross-sectional atomic force microscope (AFM)

images of the superlattice buffer layer of the sample.
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Figure 4.10: Photoluminescence spectra at 4.2 K from Ing 53Gag.47As/Ing s2Alp4sAs QWs
simultaneously grown on (a) (411)A and (b) (100) InP substrates at T; = 570°C under
V/III = 6 and (c) from InGaAs/InAlAs QWs grown on (100) InP substrate at optimized
condition (T = 560°C, under V/III = 8).

4.3.2 Photoluminescence measurements

Figure 4.10 shows PL spectra at 4.2 K from the Ing53Gag 47As/Ing 52Alg 48As QWs with
well widths of 0.6-12 nm grown (a) on the (411)A InP substrate and (b) on the (100) InP
substrate at Ty = 570°C under V/III = 6. An excitation laser was a He-Cd laser with
a wavelength of 325 nm and an excitation power of 4.5 mW. The excitation beam was
focused on the substrate surface in an area of about 200 ym diameter. Narrow seven PL
peaks at 885.4 nm (full width at half maximum (FWHM) of 15.5 meV), 994.4 nm (11.8
meV), 1158.9 nm (7.0 meV), 1264.5 nm (7.5 meV), 1329.8 nm (2.9 meV), 1408.6 nm (2.3
meV), and 1475.7 nm (3.2 meV) correspond to the luminescence from the (411)A QWs
with L, = 0.6, 1.2, 2.4, 3.6, 4.8, 7.2 and 12 nm [Fig. 4.10(a)]. On the other hand, the
luminescence from the (100) QWs was very weak, and a PL peak from each (100) QW
could not be observed [Fig. 4.10(b)], indicating that crystalline structure of the (100)
QWs was much degraded. Fig. 4.10(c) is a PL spectrum of (100) InGaAs/InAlAs QWs
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Figure 4.11: Surface morphology of the Ings53Gag47As/Ings2Alg4sAs QWs grown on (a)
(411)A and (b) (100) InP substrates at T, = 570°C under V/III = 6.

grown at an optimized growth condition (7 = 560°C, V/III = 8). FWHMs of the sample
are about 20-30% larger than those of the (411)A QWs.

Surface morphology of the (411)A QWs sample was very smooth and featureless as
shown in Fig. 4.11(a), in contrast with a rough surface of the simultaneously grown (100)
QWs sample [Fig. 4.11(b)]. These surface roughing of the (100) QWs occurred at T =
570°C. Similar phenomenon had been reported for AlGaAs: surface morphology of 1.5
pm thick AlGaAs layers grown on (411)A GaAs substrates at T, = 580-700°C is very
smooth, while rough surfaces of those simultaneously grown on (100) GaAs substrates
are observed. [9] These results indicate that the (411)A plane is very stable during MBE
growth not only for GaAs/AlGaAs QWs but also for Ing 53Gag 47As/Ing 52Alp 48As system

at high substrate temperatures.

Figure 4.12 shows FWHMs of PL peaks from the (411)A Ings3Gag47As/Ing s0Alg 4sAs
QWs plotted as a function of luminescence wavelength. FWHMs of the (100)
Ing 53Gag.47As/Ing s0Alg 4sAs QWS grown at the optimized condition (T = 560°C, V/III =
8) in this study and the best values reported for (100) QWs [7, 8] are also plotted together.

Wavelengths of PL peaks from the (100) QWs were slightly red-shift compared with those
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Figure 4.12: FWHMs of PL peaks (4.2 K) from the Ings3Gag.4rAs/Ings2Alp.48As QWs
grown on (411)A (solid circles) and (100) (open circles) InP substrate as a function of
wavelength. Data reported so far for the (100) InGaAs/InAlAs QWs (open squares (7]
and diamonds [8]) and the (100) growth interrupted InGaAs/InAlAs QWs (open triangles
[7]) are also plotted.

of the (411)A QWs, because In content of the (100) InGaAs QWs was 2.6% larger than
that of the (411)A InGaAs QWSs, which was observed by HRXRD measurements. FWHMs
for the (411)A QWs (e) are 20-30% narrower than those of the (100) QWs grown in this
study (o) and the reported values of (100) QWs (O [7] and < [8]), indicating that superior
flatness of heterointerfaces are achieved in the (411)A Ing53Gag.a7As/Ing s2Alp 45As QWs.
FWHMs for the (411)A QW (A = 1264.5 nm) and the (100) QW (A = 1270.9 nm) with
L,, = 3.6 nm are rather large compared with the reported value, which is probably due
to coexistence of free excitons and bound excitons in these QWs. FWHMs for the (411)A
QWs with Ly, = 0.6 and 1.2 nm are almost as small as those of the reported (100) QWs
(A [7]) grown by the growth interruption technique. In these very thin QWs (L, = 0.6,
1.2 nm), broading of PL peaks are mainly due to crystal quality of Ing s2Alg4sAs barriers,
in addition to the interface fluctuation, because a wavefunction of an electron confined in

these QWs much more penetrates into the InAlAs barrier regions. The most prominent
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Figure 4.13: Excited position dependence of (a) PL spectra (4.2 K) from the (411)A
Ing 53Gag.47As/Ing 50Alp 4sAs QWs with L, = 0.6, 1.2, and 2.4 nm, and (b) PL peak
energy and FWHM of the (411)A QW with L, = 2.4 nm. AE;yy indicates a calculated
PL energy difference for 1 ML fluctuation of the QW.

feature is that only one PL peak with very narrow FWHM is observed from each (411)A
QW as shown in Fig. 4.10(a), while a two- or three- splitted peaks were observed from
each (100) growth-interrupted QW due to small size of atomically flat interface region of
about a few um?. This result suggests that effectively atomically flat interfaces are formed
in the (411)A Ing53Gag.47As/Ing 52Alp. 48 As QWs over at least an area of the excited region
(=~ 200 pm?).

In order to confirm the formation of the effectively atomically flat interfaces over a
substrate size area in the (411)A QWs, we observed lateral variation of PL peaks. Figure
4.13(a) shows excited position dependence of PL spectra from the (411)A QWs with
Ly, =06, 1.2, and 2.4 nm. Luminescence was observed at every 1 mm from the edge
of the (411)A sample surface. The lineshape of each luminescence peak shows almost
no lateral variation over a distance of as long as 7 mm. PL peak energy and FWHM
of the (411)A QW with L, = 2.4 nm are plotted as a function of excited position in
Fig. 4.13(b). PL peak energy continuously varied from 1069.9 meV to 1068.3 meV, and

this variation (1.6 meV) of the PL peak energy is much smaller than a calculated energy
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difference (AEjpmy) of 40.7 meV for 1 ML thickness fluctuation of the 2.4 nm InGaAs well.
Furthermore, FWHMs of PL peaks from the (411)A QWs are very narrow and almost
constant (6.5-6.9 meV). These results indicate that effectively atomically flat interfaces
over a large distance of 7 mm (the (411)A super-flat interfaces) are realized in the (411)A
Ing 53Gao.47As/Ing 52Alp.48As QWs.

4.3.3 Summary

The (411)A super-flat interfaces were formed in Ings3Gag.rAs/IngsoAlgssAs QWs
on (411)A InP substrates by MBE. Excellent surface morphology of the (411)A
In0_53Gao_4}As/Ino_52Alo.48As QWs obtained at higher T shows that (411)A plane is more
stable than (100) plane under MBE growth conditions. Single and narrow PL peaks were
observed from the (411)A Ings53Gag.47As/Ing 52Alg.48As QWs over a large distance of 7 mm
compared with conventional (100) QWs. Hence, the (411)A Ing53Gag.a7As/Ing s0Alg 45As

heterostructures are expected to improved performance of novel quantum devices.
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4.4 Improved heterointerface flatness
by using (InGaAs);(InAlAs),, SPS barrier

Flatness of InGaAs/InAlAs heterointerfaces in the (411)A QWs strongly depends on a
substrate temperature (7;) during MBE growth, because the growing surface flatness of
InAlAs barrier layers strongly depends on 7. This indicates that heterointerface flatness
of the (411)A InGaAs/InAlAs QW is dominated by flatness of InAlAs layers during MBE
growth. In this section, we report that improved interface flatness in the (411)A QWs
grown by MBE can be achieved by using (InGaAs)2(InAlAs),, short-period superlattice
(SPS) barriers (m < 4) instead of thick InAlAs barriers.

4.4.1 MBE growth

The (411)A-oriented InP substrate was prepared by conventional methods and mounted
on a 3 in Mo substrate holder with the use of In solder. After loading into a growth cham-
ber of a VG semicon V80H MK-II MBE system, native oxides of InP were desorbed by
raising substrate temperature (7s) up to 520°C under As, beam flux. After a buffer layer of
a 500 nm thick InGaAs and a 4-periods Ing sAlg4sAs (20 nm)/Ing 53Gag 47As (50 nm) su-
perlattice was grown on this substrate, InGaAs/InAlAs or InGaAs/(InGaAs);(InAlAs),,
(m = 2-8) QWs with well widths (L) of 1.2-12 nm were grown at T; = 480°C or 540°C
under V/III pressure ratio of 8. Thickness of the InAlAs layer in the InGaAs/InAlAs QW
was 23 nm, and periods of the SPS layer in the InGaAs/(InGaAs);(InAlAs), QWs (m =
2-8) were adjusted so that thickness of each SPS barrier layer might be almost the same
as that (23 nm) of the InAlAs barrier. The substrate was rotated at 30 rpm during MBE

growth. Growth rates of InGaAs and InAlAs were 1 ym/h.

4.4.2 Photoluminescence measurements

Figure 4.14 shows PL spectra at 12 K from the (411)A InGaAs/InAlAs QWs grown
at Ty = (a) 480°C and (b) 540°C, and the (411)A InGaAs/(InGaAs)s(InAlAs), QWs
grown at T; = (c) 480°C and (d) 540°C. An excitation laser was a He-Cd laser with

a wavelength of 325 nm and an excitation power of 4.5 mW. The excitation beam was
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Figure 4.14: PL spectra at 12 K from the (411)A InGaAs/InAlAs QWs grown at T; =
(a) 540°C and (b) 480°C, and the (411)A InGaAs/(InGaAs),(InAlAs), QWs grown at T
= (c) 540°C and (d) 480°C.

focused on the substrate surface in an area of about 200 um diameter. Six PL peaks
corresponding to the (411)A QWs with six different well widths (L, = 1.2-12 nm) can
be clearly seen for all of the samples in Fig. 4.14. Slight blue shift of PL peaks were
observed for both the InGaAs/InAlAs and InGaAs/(InGaAs);(InAlAs), QWs grown at
T, = 540°C compared with those for T, = 480°C. This is due to slight desorption of
In atoms during MBE growth of InGaAs layers at a high T of 540 °C. High resolution
X-ray diffraction (HRXRD) measurements of the samples showed that In contents (z) in
In,Ga;_,As grown at T, = 480°C and 540°C were 0.547 and 0.540, respectively, indicating
that 1.3% desorption of In atoms was occurred during MBE growth of InGaAs at T, =
540°C compared with that for T, = 480°C. PL linewidths from the InGaAs/InAlAs QWs

were much broader with decreasing T, from 540°C to 480°C as shown in Figs. 4.14(a)
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and 4.14(b). This broadening of PL peaks was more significant for the InGaAs/InAlAs
QW with a small Ly, than that for a large L, indicating that the (41 l)A InGaAs/InAlAs
heterointerface flatness degrades with decreasing 7. This degradation of heterointerface
flatness is mainly caused by a lower heterointerface (InGaAs on InAlAs interface), because
a rough surface was observed for a 800 nm thick InAlAs layer grown on the (411)A InP
substrate at a low T [11], while that was not observed for a 800 nm thick InGaAs layer
[12]. In contrast with this, PL linewidths of (411)A InGaAs/(InGaAs),(InAlAs); QWs
grown at T, = 480°C are almost the same as those for T, = 540°C as shown in Figs.
4.14(c) and 4.14(d). This result indicates that the lower heterointerface of the InGaAs/
(InGaAs),(InAlAs), QW are much improved compared with that of the InGaAs/InAlAs
QW even for a low T, of 480°C, because roughness of a two monolayer thick InAlAs
growing surface on the (411)A InP substrate at T = 480°C should be smoothed by MBE

growth of a two monolayer thick InGaAs layer.

Figure 4.15 shows PL spectra at 12 K from InGaAs/(InGaAs);(InAlAs),, QWs [m =
(a) 4 and (b) 8] and (c) InGaAs/InAlAs QWs grown at T, = 540°C. Wavelengths of
PL peaks from the InGaAs/(InGaAs),(InAlAs), QWs (m = 8) were almost the same as
those of the InGaAs/InAlAs QWs, while slight red-shifts were observed for the InGaAs/
(InGaAs);(InAlAs), QWs (m = 4). These red-shifts for InGaAs/(InGaAs),(InAlAs),
QWs (m = 4) were due to a decrease in effective barrier height with decreasing InAlAs
thickness (m) in the (InGaAs),(InAlAs),, SPS barrier. Wavelengths of PL peaks from the
(411)A InGaAs/(InGaAs)s(InAlAs),, QWs (m = 2-8) with Ly, = 1.5-12 nm were good
agreements with calculated ones, which were given by electron- and hole-energy levels in
finite square well potential profiles. It is worth to note that effective barrier height in
the (411)A InGaAs QWs can be easily controlled by changing thickness (m) of InAlAs
layers in (InGaAs),(InAlAs)y, SPS barriers. Full width at half maximum (FWHM) of PL
peak from the InGaAs/(InGaAs),(InAlAs),, QWs (m = 4) with Ly, = 2.4 nm is 7.6 meV,
which is 24% smaller than that of the corresponding QW for m = 8 (FWHM = 10.7 meV)
and the InAlAs barriers (FWHM = 10.0 meV). This result indicates that heterointerface

flatness in the (411)A QWs can be improved by using (InGaAs),(InAlAs),, barriers with
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Figure 4.15: PL spectra at 12 K from the (411)A InGaAs/(InGaAs)s(InAlAs),, QWs [(a)
m = 4 and (b) m = 8] and (c) the (411)A InGaAs/InAlAs QWs grown at T, = 540°C.

m = 4 instead of thick InAlAs barriers even for a high T of 540°C.

Figure 4.16 shows FWHMs of PL peaks at 12 K from the (411)A InGaAs/
(InGaAs),(InAlAs),, QWs (m = 2-8) and InGaAs/InAlAs QWs grown at T = 540°C are
plotted as a function of luminescence wavelength. FWHMs of PL peaks from the (411)A
InGaAs/(InGaAs)2(InAlAs),, QWs with m = 6 and 8 are almost the same as those of the
(411)A InGaAs/InAlAs QWs, while PL FWHMs are slightly improved for m = 2 and 4.
This result indicates that flatness of the lower heterointerface in the (411)A QWs with
the (InGaAs)2(InAlAs),, barriers is almost the same as those for thick InAlAs barriers,
while the flatness can be improved by using (InGaAs)s(InAlAs),, barriers with m < 4. As
a result, roughness of a growing surface of the InAlAs layer can not be smoothed by MBE
growth of a two monolayer thick InGaAs layer for m > 6, while that can be smoothed

for m < 4. FWHMs of PL peaks from the (411)A InGaAs/InAlAs QWs in this study
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Figure 4.16: FWHMs of PL peaks at 12 K from the (411)A InGaAs/(InGaAs)s(InAlAs),,
QWs [m = 2 (closed circles), 4 (closed squares), 6 (open circles) and 8 (opens squares)]
and the (411)A InGaAs/InAlAs QWs (open triangles) grown at T, = 540°C.

are slightly larger than those for previously reported ones [10]. This is probably due to
the (411)A InGaAs/InAlAs QWs grown at not so optimized conditions. This implies
that much smaller FWHMs of PL peaks would be observed for the InGaAs QWs with
(InGaAs)2(InAlAs),, SPS barriers (m < 4) if the QWs are grown at much better MBE

growth conditions.

4.4.3 Summary

In summary, we have investigated that flatness of heterointerfaces in InGaAs/
(InGaAs),(InAlAs), QWs (m = 2-8) grown on (411)A InP substrates by MBE.
Linewidths of PL (12 K) peaks from (411)A InGaAs/InAlAs QWs grown at a low Tj
of 480°C were significantly degraded due to rough growing surfaces of 23 nm thick In-
AlAs barriers, while much narrow PL linewidths were observed from (411)A InGaAs/
(InGaAs)s(InAlAs), QWs grown even at T; = 480°C. PL FWHMs of the (411)A InGaAs/
(InGaAs);(InAlAs),, QWs grown at Ty = 540°C were the same as those of the (411)A
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InGaAs/InAlAs QWs for m = 6 and 8, while the PL FWHMs were slightly improved for m
= 2 and 4, indicating that heterointerface flatness in the (411)A QWs can be improved by
using (InGaAs);(InAlAs),, SPS barriers (m < 4) instead of 23 nm thick InAlAs barriers.
These improved interface flatness in the (411)A InGaAs/(InGaAs),(InAlAs), QWs with
m < 4 can be expected to achieve improved performance of (411)A InP-based quantum

effect devices.
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Chapter 5

Pseudomorphic InGaAs/InAlAs
modulation-doped quantum wells on
(411) A InP substrates

InP-based pseudomorphic InGaAs/InAlAs modulation-doped quantum wells (MD-
QWs) with higher two dimensional electron (2DEG) mobilities and carrier concentrations
promise for high-frequency and low-noise device applications with better performances.
Higher In content (x) in a pseudomorphic In,Ga;_,As channel layer much improves elec-
tric properties of the InGaAs/InAlAs MD-QW because of a light electron effective mass
in the channel layer and a large conduction band offset. However, thickness of the pseudo-
morphic InGaAs channel layer is limited by a critical thickness of In,Ga;_,As. In order
to enhance 2DEG mobilities in the pseudomorphic MD-QWs with thin channel thick-
nesses, reduced roughness at InGaAs/InAlAs heterointerfaces is necessary to suppress
interface roughness scattering. In this chapter, we have investigated 2DEG mobilities in
Ing7Gag 3As/Ing 50Alg 45 As MD-QWs grown on (411)A InP substrates by MBE and they

were analyzed by calculated mobilities based on a 2DEG elastic scattering theory.

5.1 InGaAs/InAlAs MD-QW structures

The (411)A-oriented InP substrate was prepared by conventional methods and mounted
on a 3 in Mo substrate holder with the use of In solder. After loading into a growth cham-
ber of a VG semicon V80H MK-II MBE system, the native oxide of InP was desorbed

by raising substrate temperature (7;) up to 520°C under As; beam flux. After a buffer
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Figure 5.1: Schematic illustration of the Ing;Gag 3As/Ing s2Alp.4sAs MD-QW structures.

layer of a 500 nm thick InGaAs and a 4-periods Ing soAlp 4sAs (20 nm)/Ing 53Gag 47As (50
nm) superlattice were grown on this substrate, the Ino,7Gao_3AS/Ino.52Alo_48As MD-QW
was grown at Ty = 540°C under V/III pressure ratio of 8. Figure 5.1 shows a schematic
illustration of the Ing7Gag3As/Ings2Alp48As MD-QW structures. The MD-QW struc-
tures consist of a 50-nm-thick undoped IngsoAlg4sAs barrier, an undoped Ing;GagsAs
QW channel layer with a well width (Ly,) of 12, 14, 16 or 18 nm, a 6-nm-thick undoped
Ing 52Alg.48As spacer layer and a 55-nm-thick Si-doped IngsoAlg4sAs with donor concen-
tration (NVp) of 1 x 10'® cm™3. Finally, a 10-nm-thick undoped InAlAs layer and an
Ing7Gag sAs cap layer with thickness L, were grown on the MD-QW structures, in or-
der to observe surface morphology of the Ing;Gag 3As layer by atomic force microscope
(AFM). The same MD-QW structures were grown on a (100)-oriented InP substrate at
optimized conditions of T; = 480°C and V/III pressure ratio of 14. In contents in the
pseudombrphic Ing7Gag3As QW channel layers were checked by high resolution X-ray
diffraction (HRXRD) measurements and they were almost the same for the (411)A and
(100) samples. Growth rates of the Ing;Gag3As channel layer and IngssAlg4sAs layers

were 0.76 and 1 pm/h.

Hall effects of the (411)A and (100) MD-QW samples were measured by the con-
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Figure 5.2: Surface morphologies of Ing 7Gag 3As layers grown on the (411)A [(a)—(d)] and
(100) [(e)—(h)] MD-QW structures observed by AFM measurements.

ventional van der Pauw method under a magnetic field of 0.5 T. Ohmic contacts to the
MD-QWs were formed by AuGeNi metals. The samples were cooled to a temperature

range of 24-300 K by using a helium-gas closed cycle cryostat or liquid nitrogen.

5.2 Surface morphologies of Ing;Gag3As layers

Figure 5.2 shows surface morphologies of Ing7Gag 3As layers grown on the (411)A and
(100) MD-QW structures observed by AFM measurements. These surface morphologies
reflect interface roughness in InGaAs on InAlAs heterointerfaces. No cross-hatched pat-
terns were observed for all of the (411)A and (100) InGaAs layers. However, the surface
morphology of the (100) InGaAs with thickness (Lingaas) of 18 nm [Fig. 5.2(h)] is much
rough compared with the (100) InGaAs with Lin,geas = 12-16 nm [Figs. 5.2(e)—(g)].
An average amplitude of roughness (A) of the (100) InGaAs is approximately 10 nm for
Lingeas = 12-16 nm, and drastically increases to 30 nm for Lj,goas = 18 nm. This is
due to three-dimensional growth mode of the (100) InGaAs for L;,geas > 16 nm caused
by a strain relaxation. In contrast with this, a drastic increase of A can not be seen for

the (411)A InGaAs with Lipgeas = 12-18 nm [Figs. 5.2(a)—(d)], suggesting that larger
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critical thickness of the pseudomorphic (411)A Ing,Gag3As layers compared with the
(100) Ing7GagsAs. Larger critical thickness on the (411)A substrate was also observed
in a pseudomorphic Ing25Gag75As/AlGaAs QW grown on a (411)A GaAs substrate [3].
Roughness of the (411)A InGaAs layer (A = 3 nm) is much smaller than the correspond-
ing (100) InGaAs layer for all the InGaAs thickness. This indicates that superior flatness
is achieved in the InGaAs/InAlAs heterointerfaces for the (411)A MD-QWs compared
with those for the corresponding (100) MD-QWs.

5.3 Transport properties at 77 K

Figure 5.3 shows 2DEG mobilities and sheet carrier concentrations of the (411)A and
(100) InGaAs/InAlAs MD-QWs as a function of well width. The 2DEG mobility of
the (100) sample drastically decreases with an increase in L, from 16 nm to 18 nm.
Furthermore, the sheet carrier concentrations of the (100) samples were almost constant
at Ny = 1.6 x 10'2 cm~? for the (100) MD-QW with L,, = 12-16 nm, while 25% decrease of
the sheet carrier concentration was observed for the (100) MD-QW with L, = 18 nm (N
= 1.2 x 10'2 cm~2). This is due to the Ing;Gag3As QW thickness exceeding their critical
layer thickness for the (100) samples. In contrast with this, a drastic decrease of the 2DEG
mobility was not observed for the (411)A sample with an increase in Ly, from 16 nm to 18
nm. This result indicates larger critical thickness of the pseudomorphic Ing 7Gag 3As layer
on the (411)A InP substrate compared with that for (100) substrate, which is consistent
with results of the surface morphologies of the Iny 7Gag 3As layers, as described in 5.2. The
slightly smaller sheet carrier concentrations for the (411)A samples are observed for L.
= 12-16nm, which is probably due to a slightly higher compensation ratio of Si-dopants
in the N-Ing 50Alp.4sAs layer on the (411)A InP substrate. A similar result was observed
for a Si-doped GaAs layer on a (411)A GaAs substrate [2]. Enhancement of the 2DEG
mobilities in the (411)A MD-QWs compared with the corresponding (100) MD-QWs is
also observed for L, = 12-16 nm, which is probably due to superior interface flatness in
the (411)A MD-QWs.

Figure 5.4 shows 2DEG mobilities of the (411)A and (100) InGaAs/InAlAs MD-QWs
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Figure 5.3: 2DEG mobilities and sheet carrier concentrations (T = 77 K) of the (411)A
and (100) Ing7Gag3As/Ings2Aly45As MD-QWs plotted as a function of well width.
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Figure 5.4: 2DEG mobilities at T = 77 K of the (411)A and (100) MD-QWs with L,, =
12 nm plotted as a function of sheet carrier concentration. 2DEG mobilities at T = 77 K
reported so far [4-10] is also plotted.
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Figure 5.5: Temperature dependence of 2DEG mobilities and sheet carrier concentrations
of the (411)A and (100) Ing,Gag3As/Ings2Alg48As MD-QWs with Ly, = 12 nm.

with L, = 12 nm plotted as a function of sheet carrier concentration. 2DEG mobilities
at T = 77 K reported so far [4-10] is also plotted in Fig. 5.4. The 2DEG in the (411)A
MD-QW with L, = 12 nm shows 27% higher mobility (1 = 108,000 cm?/Vs) than that
(1 = 85,000 cm?/Vs) of the corresponding (100) MD-QW in this study, and the y of
the (411)A MD-QW is the highest mobility in the previously reported ones. This result
indicates that superior interface flatness in the (411)A InGaAs/InAlAs MD-QWs is an

important factor to achieve the highest 2DEG mobility.

5.4 Low-temperature 2DEG mobility

Figure 5.5 shows temperature dependence of the sheet carrier concentrations and 2DEG
mobilities in the (411)A and (100) pseudomorphic InGaAs/InAlAs MD-QWs with L, =
12 nm. The sheet carrier concentrations are almost constant for both the (411)A (N, =
1.5 x 10'2 cm™2) and (100) (Ns = 1.6 x 10'?2 cm~2) samples below T = 100 K. The 2DEG
mobilities at T = 10 K of the (411)A and (100) samples are 194,000 cm?/Vs and 130,000

cm?/Vs, respectively, and they are almost constant at T = 10-40 K. Rapid decreases of
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Table 5.1: 2DEG mobilities and sheet carrier concentrations of the (411)A and (100)
Ing 7Gag 3As/Ing 52 Alg.4sAs MD-QWs measured at T = 24 K.

Ly, (nm) p (cm?/Vs) N; (cm™2)
(411)A  (100) (411)A (100)
12 181,000 131,000 1.5 x 102 1.6 x 102
14 179,000 87,000 1.4 x 10? 1.6 x 10'?
16 163,000 112,000 1.5 x 10?2 1.6 x 102
18 140,000 8,500 1.5 x 102 1.2 x 102

the 2DEG mobilities with increasing temperature at T > 40 K were observed for both the
(411)A and (100) samples because of increasing optical phonon scattering. Enhancement
of the 2DEG mobility of the (411)A sample compared with that of the (100) sample is
much significant at low-temperatures, indicating that dominant factor of scattering at the

low-temperature such as interface roughness scattering is reduced for the (411) MD-QW.

The 2DEG mobilities and sheet carrier concentrations of the (411)A and (100) MD-
QW samples measured at T = 24 K are summarized in Table 5.1. A drastic decrease
of the 2DEG mobility was also observed at T = 24 K for the (100) MD-QW with L,
= 18 nm, not for the corresponding (411)A MD-QW due to the larger critical thickness
of Ing7Gag3As on the (411)A InP substrate. Enhancement of the electron mobility in
the (411)A MD-QW was significantly observed for all the well widths (L,, = 12~16 nm)
compared with the corresponding (100) MD-QW.

5.5 Theoretical analysis

The observed low-temperature 2DEG mobilities in the (411)A and (100) InGaAs/InAlAs
MD-QWs were analyzed by calculated ones based on a 2DEG elastic scattering theory
[12-15]. The electronic states and sheet carrier concentration of the MD-QW at T = 0
K were calculated by a conventional self-consistent method [11], and the 2DEG mobility
at T = 0 K, which is limited by ionized impurity scattering, alloy disorder scattering and

interface roughness scattering, was calculated by using the self-consistent results.
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5.5.1 Electronic states

The wave function and energy of the electron with a 2D wave vector k = (k,,k,) parallel

to heterointerfaces in the nth subband are given by
U, (k, 7, 2) = fu(z)exp (ik - 1), (5.1)

E.(k) = E, + h*k*/2m*, (5.2)

where f,(z) and E, is the quantized wave function and energy level of the electron in
the nth subband, m* is the effective mass of the Ing;Gag3As channel layer and % is the
reduce Planck constant. The quantized wave function satisfies a following one-dimensional

shrodinger equation,

[ ") fule) = Bufal2) (53)

T 2mrdz?
where m} is m* for 0 < z < Ly, and the effective mass of the InAlAs barrier layer, m} for

otherwise. The potential V(z) is written as
V(z) = —ed(z) + VoH(z), (5.4)

where e is the elemental charge and Vj is the barrier height. The function H(z) is 0 for 0

<z £ Ly and 1 for otherwise. The potential ¢(z) satisfies a following Poisson equation,
2

2oz #(2) = = |pa(z) = e S Nl 5.5

where x(z)€o is the static dielectric constant, p(z) is the charge concentration in the
depletion layer and NV, is the sheet carrier concentration in the nth subband, which is

given by

*

m
h?

where Er is the Fermi energy. The sheet carrier concentration N; can be evaluated from

Nn (EF - En), (56)

the sum of N, over the subbands. Thickness of the depletion layer can be determined by
the electrical neutral condition and the condition that the Er is constant in space. By
using eqs. (5.1)—(5.6), we calculated the energy levels and the sheet carrier concentrations
of Oth, 1st and 2nd subbands as a function of the well width. Parameter values used in

the calculation are summarized in Table. 5.2.
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Table 5.2: Parameter values used in the calculation of the electric states and the 2DEG
moblhty for the In0_7Gao.gAS/In0.52Alo_4gAS MD-QW

Electron effective mass of InGaAs: m* 0.0356myg
Electron effective mass of InAlAs: m; 0.0715my,
Conduction band offset: Vo (meV) : 580
Static dielectric constant of InGaAs: K 13.9
Static dielectric constant of InAlAs: Kb 12.65

Impurity concentration in undoped-layer: N, — N; (cm™%) 1 x 10%

Figure 5.6 shows calculated energy levels and sheet carrier concentration at T = 0 K
as a function of the well width. Experimental sheet carrier concentrations of the (411)A
and (100) samples measured at T = 24 K are also plotted in Fig. 5.6. The energy
of the Oth subband (E)) drastically increases with decrea,sirig well width when L, <
10 nm, indicating that a quantum size effect cause by the lower-side InAlAs barrier is
much effective for the MD-QW with L,, < 10 nm. The 1st subband appears at L,, ~ 8
nm, however, there are no electrons in this subband when Ly, < 15 nm. At small well
widths below 15 nm, difference between the Fermi energy (Er) and Ey, Ep - Ej increases
consistently with the well width, because of the decrease of Ey with increasing well width.
The total sheet carrier concentration of the InGaAs/InAlAs MD-QW slightly increases
consistently with the well width when L,, > 15 nm, however, Er - Ej slightly decreases
with increasing well width. This is because population of electrons in the 2nd subbands
appears at Ly, ~ 15 nm, and it increases consistently with the well width when L, >
15 nm. The experimental sheet carrier concentrations measured at T = 24 K are good

agreements with the calculated results.

5.5.2 2DEG mobility

We calculated the 2DEG mobility of the MD-QW at T = 0 K based on a 2DEG elastic
scattering theory. At low-temperatures, the 2DEG mobility in the InGaAs/InAlAs MD-
QW is limited by (1) ionized impurity scattering, (2) alloy disorder scattering and (3)
interface roughness scattering. We calculate the mobility of the 2DEG in the Oth subband,

for simplicity. The 2DEG mobility p at T = 0 K can be determined from the sum of the
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Figure 5.6: Calculated energy levels (solid lines), sheet carrier concentrations (dotted
lines) of Oth, 1st and 2nd subbands and the total sheet carrier concentration (a solid line)
at T = 0 K in the Ing,Gag3As/Ings2Alg4sAs MD-QW plotted as a function of the well
width. Measured sheet carrier concentration of the (411)A (closed squares) and (100)
(open squares) samples at T = 24 K are also plotted.

inverse of the mobility u; limited by each scattering mechanism, which is written as,

1 1 m* 1

b Fw 5 e milkr)

where 7;(k) is the momentum relaxation time of an electron with wave vector k for each
scattering mechanism and kg is the Fermi wave vector. The inverse of the momentum

relaxation time is given by [15]

;i(l_k) = (_2_.17T_)5 (2%) /d2k’ [S(JZ})]Z (1 —cos0)6(Ey — Ey), (5.8)

where M; is the 2D scattering matrix element for each scattering mechanism, g(= k — k')

is the 2D scattering wave vector and ¢ = |q|. 0 is angle between k and k. S(g,T) is the
screening factor, which depends on q and temperature T [16].

At low-temperatures, ionized impurity scattering plays an important role even for
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modulation-doped structures. The inverse of momentum relaxation time 7;,,(k) for ion-

ized impurity scattering is given by [12, 13, 14]

TiO:(k) 47rh352 /dQ/ [ = z)rg(zi)(l—cose), (5.9)

where g(z;) is the impurity distribution, which is determined from the self-consistent

results of the MD-QW. The form factor F(q, 2;) is defined as

Flg,2) = [ del o) exp (~gles — 2I). (5.10)

Alloy disorder scattering is dominant scattering mechanism at low-temperatures for
the InGaAs/InAlAs MD-QW, because the channel region consists of a ternary random
alloy of InAs and GaAs. We assumed that a potential of In and Ga is a short-range
-potential with the strength (1 — x)AU(a%/4) and —z AU (a®/4), respectively, where z is
the In content, a is a lattice constant and AU is the difference of the conduction band
minima of InAs and GaAs. [12, 14] The inverse of momentum relaxation time Toy0y(k)
for alloy disorder scattering is given by

1 m*(AU)*a’ 41 —cosf
Taltog (k) 47 / de/ dzz(1 - )| fo(2)| SE TR (5.11)

For simplicity, AU of InAlAs layer is the same as that of InGaAs, because alloy disorder
scattering in the InAlAs barrier layer is much smaller than that in the InGaAs channel
layer.

Interface roughness scattering is also important for low-temperature 2DEG mobility.
We assumed that interface roughness can be characterized by the height A and the lateral

size A of the Gaussian fluctuations of the interface, which is written by

< A(r)A(r') >= A?exp (—'7‘7\—:"2> (5.12)

The inverse of momentum relaxation time 7;,;(k) for interface roughness scattering is

given by [14, 15]

1 m*A2A2 7
= do
Tint (k ) h3 /0

OE,\>
(@) + Fly
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Figure 5.7: Calculated 2DEG mobilities limited by ionized impurity scattering (a dotted-
broken line), alloy disorder scattering (a broken line), interface roughness scattering (dot-
ted lines) and total 2DEG mobilities (solid lines) at T = 0 K plotted as a function of the
well width. Experimental 2DEG mobilities at T = 24 K are well fitted by A = 0.25 nm
for the (411)A samples and A = 0.4 nm for the (100) samples, assuming A = 5 nm.

Here, we have defined the effective field Ffs, which is written by

Fu= /_ °; dz| fO(z)|23‘g—iz), (5.14)

where ¢(z) is the electrostatic potential, which is determined from eq. (5.5).

Calculated 2DEG mobility 4 and the mobility limited by each scattering mechanism
(Lions Hattoy and pins) at T = 0 K are plotted as a function of well width in Fig. 5.7.
Experimental 2DEG mobilities at T = 24 K of the (411)A (closed circles) and (100)
(open circles) samples are also plotted. When L, < 15 nm, p;,, and Halioy decrease
consistently with the well width. This is because sheet carrier concentration decreases
consistently with the well width, which cause a decrease of the mobility due to a screening
effect. When L,, > 15 nm, all of the mobility decreases with increasing well width. This is

due to an increase of the screening effect caused by a decrease of Er - Ey with increasing
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well width. However, we did not take into account of the screening effect of the electrons
in the 2nd subband for this calculation, therefore, a future investigation is necessary for
the 2DEG mobility of the QW with Ly, > 15 nm. Below the well width of 10 nm, p;n:
falls very rapidly as the well width is reduced. This is due to the term proportional to
(BEy/dLy)? in eq. (5.13), which is much larger for the smaller well width. When L, >
10 nm, therefore, p;y,; is limited by the term proportional to Fff sineq. (5.13). Assuming
that A is equal to 5 nm, the experimental 2DEG mobilities measured at T = 24 K can be
well fitted by A = 0.25 nm for the (411)A samples, and A = 0.4 nm for the (100) samples.
This suggests that enhancement of the 2DEG mobilities of the (411)A MD-QWs with Ly,
= 12-16 nm compared with the corresponding (100) MD-QWs is due to superior interface
flatness of the (411)A MD-QWs. However, the lateral size assumed in this calculation (A
= 5 nm) is the case that electrons are scattered very strongly by the interface roughness,
because a half of the Fermi wavelength (A = 20 nm) is almost the same as an average
period of interface roughness (2A). The validity of the values of A and A is discussed in

5.5.3.

5.5.3 Comparison with photoluminescence data

In order to confirm the validity of the values of A and A used in the 2DEG mobility
calculations for the (411)A and (100) MD-QWs, low-temperature (4.2 K) PL linewidths
of undoped-Ing 53Gag 47As/Ing 50Alp 458 AsQWs with Ly, = 0.6, 1.2, 2.4, 3.6, 4.8 and 12 nm
grown on the (411)A and (100) InP substrates [1] were analyzed.

The low-temperature PL linewidth I" of the QW can be expressed as
['=Tine + T, (5.15)

where I';,; and I'y are the linewidths caused by interface roughness and the other factor

such as alloy disorder of InGaAs, respectively. I';,; is given by

oF

where E is the PL transition energy and AL, is local well width fluctuation over an

exciton size. Assuming that interface fluctuation is made up of valleys and hills with
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Figure 5.8: Photoluminescence FWHMs of the low-temperature (4.2 K) PL peaks from
undoped-Ing 53Gag.47As/Ing 52 Alg 4sAs QWs grown on the (411)A and (100) InP sub-
strates. Solid lines are calculated ones. Experimental PL FWHMs can be well fitted
by A = 0.25 nm for the (411)A QWs and A = 0.35 nm for the (100) QWs. The inset is
an illustration of the interface structure used for calculation.

height A and lateral size A (see the inset of Fig. 5.8), AL, is given by [17]

AL, =/ B2AA (5.17)
T Tex

Figure 5.8 shows PL FWHMSs of undoped-Ing 53Gag.47As/Ing 50Alp.48As QWs and cal-

where 7., is the exciton radius.

culated ones as a function of the luminescence wavelength. The PL. FWHMs of the (411)A
QWs are 20-30% smaller than those of the (100)QWs, indicating that superior interface
flatness can be achieved in the (411)A QWs, as previously reported [1]. For calculation of
the PL FWHMs, VI‘O was assumed to be a constant value of 2 meV, which is determined
from PL FWHM of a InGaAs bulk layer, because I'y is much smaller fhan I, for the
QW with a small well width, and it has almost no dependence on the well width. I,
was calculated by using egs. (5.16) and (5.17). 8E/JL, is determined from calculated
electron- and hole-energy levels in a finite square well profiles, and 7., is assumed to be

10 nm. Experimental PL. FWHMs can be well fitted by A = 0.25 nm for the (411)A
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QWs and A = 0.35 nm for the (100) QWs, assuming A = 5 nm. These values of A are
almost the same as those used for the 2DEG mobility calculation. If A is assumed to be a
different value, values of A determined by results of 2DEG mobility calculation can not be
consistent with those for PL FWHMs of the undoped-InGaAs/InAlAs QWs. Therefore,
it is reasonable to use these parameter values of interface roughness [A = 0.25 nm and
A = 5 nm for (411)A samples, and A = 0.4 nm and A = 5 nm for (100) samples] in the

calculation of the low-temperature 2DEG mobility.

5.6 Summary

We have investigated the 2DEG mobilities in the pseudomorphic Ing;GagzAs/
Ings2Alg4sAs MD-QWs with L,, = 12-18 nm grown on (411)A and (100) InP substrates
by MBE. A drastic decrease of the 2DEG mobility was observed for the (100) MD-QW
with Ly, = 18 nm, not for the corresponding (411)A MD-QW, indicating the larger crit-
ical thickness of Ing;Gag3As on the (411)A InP substrate. The surface morphologies of
the (411)A and (100) Ing7Gao3As layers observed by AFM also suggest that the crit-
icél thickness of the (411)A Ing;Gag3As is larger than that of the (100) Ing,GagsAs.
The 2DEG in the (411)A MD-QW with L, = 12 nm shows 27% higher mobility (1 =
108,000 cm?/Vs) with 2DEG concentration of 1.5 x 102 cm™2 at T = 77 K than that
(u = 85,000 cm?/Vs) of the corresponding (100) MD-QW in this study, and the u of
the (411)A MD-QW is the highest mobility in the previously reported ones. The low-
temperature (24 K) 2DEG mobilities were analyzed by calculated mobilities taking into
account of ionized impurity scattering, alloy disorder scattering and interface roughness
scattering by using self-consistent results of the MD-QWSs. Enhanced 2DEG mobilities
in the (411)A MD-QWs can be well explained by reduced interface roughness scatter-
ing due to the (411)A super-flat interfaces. The validity of parameter values of interface
roughness (height A = 0.25 nm and lateral size A = 5 nm) used in the 2DEG mobility cal-
culation was confirmed by photoluminescence data at 4.2 K of undoped-InGaAs/InAlAs
QWs grown on the (411)A InP substrate by MBE. These results indicate that pseudo-

morphic InGaAs/InAlAs MD-QWs with (411)A super-flat interfaces are very suitable for
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InP-based HEMT devices because of their high 2DEG mobilities.
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Chapter 6

Conclusions

In‘GaAs-r_elated III-V heterostructures with “(411)A super-flat interfaces” are expected
to have a high potential for fabrication of low-noise and high-frequency devices with
better performance. In order to know characteristics of pseudomorphic InGaAs-related
III-V heterostructures grown on (411)A-oriented substrates, at first, structural and optical
properties of pseudomorphic InGaAs/AlGaAs heterostructures grown on (411)A-oriented
GaAs substrates by MBE were investigated with the use of low-temperature PL, HRXRD

and AFM. Following results were obtained.

1. “(411)A super-flat interfaces” can be successfully formed in pseudomorphic InGaAs/
AlGaAs QWs with In content up to 0.27. PL peaks from the (411)A In,Ga;_,As/
Al,Ga;_,As QWs (y = 0.28-0.3) with L,, = 2.4 nm (1.9 nm), which are very sensitive
to interface roughness, are 30-40% smaller than those of the (100) QWs for z up to
0.27 over a wafer-size area. (3.1)

2. An IngosGaggzAs/GaAs strained-layer superlattice (SLS) with (411)A super-flat
interfaces exhibits superior crystalline quality. HRXRD measurements revealed that
fluctuation of tilting angles of local crystal planes in the (411)A SLS was much
reduced than that of a simultaneously grown (100) SLS, which is due to difference
of relaxation of lattice-mismatch between InGaAs and GaAs layers for these two
SLSs. PL properties of the (411)A and (100) SLSs also support these results of
HRXRD measurements. (3.2)

3. Much larger critical thickness (approximately 20 nm) of a (411)A Ing2;GagrsAs

layer was observed compared with that (~ 12 nm) of a simultaneously grown (100)
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Ing.25Gag.7sAs, which were determined by PL (11 K) FWHMs of Ings5GagrsAs/
Alp 32Gag esAs SQWs. We believe that this lager critical thickness should be another
advantage of the (411)A pseudomorphic InGaAs/AlGaAs QWs besides the (411)A
super-flat interfaces for device applications of this material. (3.3)

4. Enhanced In surface segregation during MBE growth of InGaAs was observed in
(411)A InGaAs/(Al)GaAs SLSs and QWs by HRXRD and PL measurements com-
pared with that of the (100) SLSs and QWs, which is probably due to larger surface
migration of group III atoms. Much narrower PL linewidths of the (411)A QWs

" have almost no dependence on the substrate temperature, indicating that superior
interface flatness does not degrade even if In surface segregation is enhanced by an
increase in the substrate temperature. Therefore, In surface segregation uniformly
proceeds in the (411)A growth-layer plane and (411)A super-flat InGaAs/AlGaAs
interfaces can be formed at a wide substrate temperature range of T, = 450-540°C.

(3.4)

In order to apply “(411)A super-flat interfaces” to InP-based InGaAs/InAlAs system
grown on InP substrates, crystalline and optical properties of InGaAs and InAlAs epitaxial
layers and InGaAs/InAlAs QWs lattice-matched to (411)A-oriented InP substrates by
MBE were investigated with the use of low-temperature PL and HRXRD. Following

results were obtained.

1. High-quality In,Ga;_,;As layers (0.505 < z < 0.545) were successfully grown at T, =
480-520°C on (411)A InP substrates by MBE. Observed residual strain in the (411)A
InGaAs layers by HRXRD measurements are well explained by the “constrained”
model for a pseudomorphic layer grown on the high-index substrate. The observed
PL FWHM (1.9 meV) of the (411)A InGaAs layer was almost the same as the
optimum value (1.2-3.0 meV) reported so far for InGaAs layers grown on the (100)
InP substrates. (4.1)

2. High substrate temperature is very important for (411)A InAlAs layers with fea-
tureless surface morphology and good crystalline quality. Linewidth of the PL peak
from the (411)A InAlAs layer grown at T; = 570°C (10.7 meV) was 16-29% nar-
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rower than those of conventional (100) InAlAs layers reported so far, indicating that

high-quality InAlAs layers can be grown on (411)A InP substrates. (4.2)

. “(411)A super-flat interfaces” were successfully formed in InGaAs/InAlAs QWs
lattice-matched to (411)A InP substrates grown by MBE. Excellent surface mor-
phology of the (411)A QWs observed at high substrate temperature shows that
(411)A plane is more stable than (100) plane under MBE growth conditions. Single
and narrow PL peaks were observed from the (411)A QWs over a large distance of
7 mm, and their linewidths are almost comparable to those of splitted PL peaks of
' the growth-interrupted (100) QWs. (4.3)

. Heterointerface flatness in the (411)A InGaAs QWs can be improved by using
(InGaAs)2(InAlAs),, SPS barriers (m < 4) instead of 23 nm thick InAlAs barri-
ers. Linewidths of PL (12 K) peaks from (411)A InGaAs/InAlAs QWs grown at a
low T, of 480°C were significantly degraded due to rough growing surfaces of 23 nm
thick InAlAs barriers, while much narrow PL linewidths were observed from (411)A
InGaAs/(InGaAs),(InAlAs), QWs grown even at T, = 480°C. PL FWHMs of the
(411)A InGaAs/(InGaAs)2(InAlAs)y, QWs grown at T; = 540°C were the same as
those of the (411)A InGaAs/InAlAs QWs for m = 6 and 8, while the PL FWHMs

were slightly improved for m = 2 and 4. (4.4)

Based on the results as mentioned above, the pseuddmorphic Ing7Gag3As/

Ings2Alp.48As MD-QWs with “(411)A super-flat interfaces” were successfully grown on

InP substrates by MBE. (Chapter 5) Higher 2DEG mobilities were observed in the (411)A

MD-QWs with well widths of L, = 12-18 nm compared with the corresponding (100)

MD-QWs due to (1) the (411)A super-flat interfaces for Ly, = 12-16 nm and (2) larger

critical thickness of the (411)A Ing;Gag3As for Ly, = 18 nm. The 2DEG in the (411)A

MD-QW with L,, = 12 nm shows 27% higher mobility (¢ = 108,000 cm?/Vs) with 2DEG

concentration of 1.5 x 10'2 cm~2 at T = 77 K than that (u = 85,000 cm?/Vs) of the cor-

responding (100) MD-QW in this study, and the p of the (411)A MD-QW is the highest

mobility in the previously reported ones. The low-temperature (24 K) 2DEG mobilities

were analyzed by calculated mobilities taking into account of ionized impurity scatter-
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ing, alloy disorder scattering and interface roughness scattering by using self-consistent
results of the MD-QWs. Enhanced 2DEG mobility in the (411)A MD-QWs can be well
explained by reduced interface roughness scattering, and parameter values of interface
roughness (height A = 0.25 nm and lateral size A = 5 nm) used in the 2DEG mobility
calculation are good agreement with PL data at 4.2 K of undoped-InGaAs/InAlAs QWs
with the (411)A super-flat interfaces.

These results indicate that the (411)A super-flat interfaces can be successfully formed
not only in pseudomorphic InGaAs/AlGaAs heterostructures but also in InGaAs/InAlAs
system lattice-matched to InP. These InGaAs-related III-V heterostructures grown on
(411)A-oriented substrates have a high potential for fabrication of novel quantum devices
such as HEMTs because of their superior physical properties due to effectively atomically

flat heterointerfaces over a wafer-size area.
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