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Abstract

    Heterovalent heterostructures, where different materials with different valency such as

II-VI ZnSe and III-V GaAs are joined together, have possibilities to show novel character-

istics never achieved with the conventional isovalent heterostructures such as an AIGaAs-

GaAs system. This is due to electron-excess and electron-deficient bonds at the interface.

Those nonoctet bonds form electronic dipoles, which play an important role in determining

the interface properties. Therefore, if the strength and direction of the electronic dipoles

can be tuned in some way, that may lead to the controllability of the interface properties.

In this study, aiming at exploring the potential of the heterovalent heterostructures, their

growth processes during metalorganic vapor phase epitaxy (MOVPE) and the controlla-

bility of the interface properties were investigated. As the constituents of the heterovalent

heterostructure, we selected ZnSe and GaAs because this combination satisfies nearly per-

fect lattice matching and is suitable to concentrate the discussion on heterovalency.

    In the MOVPE growth of ZnSe-on-GaAs heterostructures, it was found that the growth

of ZnSe on an atomically fiat GaAs surface was in either the two-dimensional (2D) or the

three-dimensional (3D) inode, depending chiefly on the growth temperature. In particular,

when the growth temperature was 4500C, the ZnSe surface became atomically flat. The

initial nucleation processes at this growth temperature depended on the source precursor

starting the ZnSe growth, although the 2D growth could be maintained regardless of the

starting precursors. This 2D growth characteristic is quite favorable for the atomic level

control of the interface and was utilized for the control of the interface properties.

    As the controllability of the interface properties, we concentrated in this study on

that of the band offsets because the band offsets determine the interface properties such

as carrier transport and confinement important for heterostructure devices. In ZnSe-on-

GaAs, the band offsets were successfully tuned by controlling the fiow sequence of the

source precursors at the interface; the valence band offset was O.6 eV when the growth

was initiated by the Se precursor, while that increased toward 1.1 eV as the Zn-exposure

duration in the Zn-initiated growth. This is considerably different from the situation in

the isovalent heterostructures where the band offset has been considered to be constant for

a given heterostructure. The interface was investigated structurally and optically, and it

was proved that the interfacial electronic dipoles originating from the electron-excess and
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electron-deficient bonds played a crucial role in the control of the band offsets.

    In the MOVPE of the inverse heterostructure, that is, GaAs-on-ZnSe, the flow se-

quences of the source precursors at the interfaces were, first, optimized, and then, the

growth characteristics were clarified. One of the most important results obtained here is

that the As precursor etches the ZnSe surface, which provides a possibility in controlling

the interface atomic configuration, and hence, the band offsets. The growth mode of GaAs

on ZnSe strongly depended on growth conditions and was explained well in terins of mi-

gration of Ga. Under the condition enhancing the migration, the growth was in the 3D

Volmer-Weber mode, while by suppressing the migration, the growth tended to be two-

dimensional in the atomic Ievel, The 2D growth mode was used for the atomic level control

of the interface. t'

    For the control of the band offsets in GaAs-on-ZnSe, the properties that ZnSe is etched

in a hydrogen ambient and, more drastically, in an As precursor ambient were applied. By

changing the etching durations, the valence band offsets could be tuned between O.6 and

1.1 eV. As the mechanism behind it, the interface atomic configuration was considered

to be controlled precisely with the assistance of the layer-by-layer manner of the etching,

by which Zn and Se atoms appear alternately on ZnSe. The surface of GaAs-on-ZnSe

maintained atomically flat during the experiment supported this consideration.

    Finally, all the above results were summarized in ZnSe-GaAs multilayered quantum

structures. Namely, the structurally well-defined quantum structures were fabricated, in

which the band offsets on both sides of GaAs wells were designed independently, and

were characterized by optical-absorption measurements. As a result, it was found that

the absorption edges were shifted toward !ower energies by enlarging the difference of the

valence band offsets at both sides of the GaAs wells. This is a quite unique characteristic

originating from heterovalency, and never realized by the conventional isovalent quantum

structures. The cause for the observed redshift was attributed to the electric field induced

by the difference of the valence band offsets, which was supported by theoretical analyses.

On the other hand, the barrier width dependence could not be explained theoretically and

was interpreted well by considering the charge transfer within the ZnSe barrier region. In

any cases, the obtained results indicate the capability of controlling the optical properties

in a quantum structure without changing its structure and imply tremendous increase of

flexibility in device design.
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Chapter 1

Introduction

    Semiconductor heterostructures, where different materials are joined together, are a

fundamental structure in the field of (opto)electronic devices, Devices such as quantum

well Iasers, light emitting diodes, and heterojunction bipolar transistors, which already

arise a significant technological impact, cannot be realized without the heterostructures.

So far, these devices have been fabricated using the material combinations such as GaAs-

AIGaAs and InGaP-InGaAIP [1]. The reason why such heterostructures are widely utilized

is that those satisfy "matching" in lattice parameters and chemical valency as shown in

Fig. 1.1. Here, chemical valence matching, i.e., isovalency, denotes that the constituent

materials of a heterostructure belong to the same group such as III-V, IV, and II-VI. The

lattice matching and isovalency have been regarded to be of first-order importance to obtain

the heterostructure with high crystalline quality, low interface state density, and abrupt

interfaces, because generation of dislocations and dangling bonds are effectively avoided

by lattlce matching and valence matching, respectively. At the same time, however, the

matching may be a limit for material combinations and, thus, for device performances to

be realized.

    In order to break through the limit, recently, mismatch epitaxy attains an increasing

interest. "Lattice mismatch" heteroepitaxy with "isovalent" materials is extensively studied

as a novel approach to fabricate quantum dot structures. A representative heterostructure

is an InAs-GaAs system, which includes large strain due to the lattice mismatch (see

Fig. 1.1). Heteroepitaxy accommodating strain generally exhibits three-dimensional (3D)

growth during strain release processes. For devices with two-dimensional layered structures,

3D growth should be avoided, although, from a different viewpoint, it has been found that

the 3D islands work as quantum dots [2-4]. An advantage of the use of the self-formed 3D

                                      1
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isiands is that this procedure does not require any ex sitiL processes such as lithography

and etching, which makes the crystalline quality of the quantum dots equivalent to that

of their bulk crystal. Although control and uniformity of the dot size are the remaining

issues to be solved, this is one of the potential applications of the mismatch epitaxy.

    On the other hand, in this work, we shall note frontier of "heterovalent" heteroepitaxy.

Owing to large tolerance of material combination, the heterovalent heterostructures may

provide large band discontinuities and large differences in the dielectric constant, which is

expected to lead to novel devices as well as improvement of device performances, Recently,

several theoretical analyses have shown interesting properties and potential applications of

the heterovalent heterostructures [5-8]. Kumagai and Takagahara [5] proposed a dielectric

quantum well (QW) in which the Iarge difference in the dielectric constants between the

well and barrier layers is positively utilized to enhance exciton binding energy. They intro-

duced a ZnSe-GaAs QW as one of the realistic examples, where ZnSe acts as a barrier layer.

Compared with the dielectric constant of Al(Ga)As in the Al(Ga)As-GaAs isovalent QW,

that of the ZnSe barrier layer is smaller, which makes the exciton binding energy larger. For

example, when the GaAs well width is 50 A, the exciton binding energy was calculated to
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be 24 meV for the ZnSe-GaAs QW, while 14 meV for the Alo.3Gao.7As-GaAs QW. Khurgin

[6] revealed that the nonlinear and electrooptic coefllcients of ZnSe-GaAs heterostructures

are substantially larger than those in conventional materials such as AIGaAs-GaAs het-

erostructures; the second harmonic generation (SHG) coeflicient and the Pockels coefficient

of the ZnSe-GaAs asymmetric coupled QW's were calculated to be eight times and twice as

large as those of the Alo.4Gao.6As-GaAs system, respectively. This is due to the Iarger band

offset in the ZnSe-GaAs heterostructures. Yu and McGill [7] have predicted theoretically

that (II-VI)-(III-V) double-barrier resonant tunneling structures can be faster and can pos-

sess greater peak-to-valley ratios than AIGaAs-GaAs tunnel structures. In the ZnSe-GaAs

system, the increase in speed is expected. This is because the capacitance, and therefore

the RC time constant, which is a parameter relevant to the device speed, should be reduced

by replacing AIGaAs with ZnSe owing to the smaller dielectric constant in ZnSe than in

AIGaAs (9.1 vs. 12.0). In the ZnTe-InAs system, on the other hand, the increase in speed

is due to the small dielectric constant in ZnTe (10.4) and, in addition, the higher mobility

in InAs than in GaAs [33000 vs. 8500 cm2/Vs at 300 K]. Furthermore, the larger peak-to-

valley ratio due to the larger conduction band offset was predicted (N1700 for ZnTe-InAs

vs. 92 for AIGaAs-GaAs). Morrison et al. have proposed a ZnTe-InAs QW as a novel struc-

ture which could realize the large nonlinear optical susceptibility in the third-order tensor

x(3). They pointed out that x(3) is greatly enhanced when the separation of the lowest two

conduction minibands is comparable to the magnitude of the principal gap. This condition

is never fulfi11ed in the GaAs-AIGaAs system but is satisfied in the ZnTe-InAs system by

utilizing the large difference in their band gap energies.

    The examples shown above place their basis on the large difference in the physical

parameters of the constituents. Another important characteristic of the heterovalent het-

erostructures is the formation of electron-excess and electron-deficient chemical bonds at

the interfaces. For instance, the electronic structures of the ZnSe-GaAs superlattices have

theoretically been investigated and revealed to be considerably different from the isovalent

superlattices owing to the presence ofthe donating Ga-Se and accepting Zn-As bonds [9-12].

Eppenga found in the process of the first-principle calculation of the band offsets that the

ZnSe-GaAs superlattice grown on the polar (OOI) plane with alternating deposition of the

Ga-Se interface and the Zn-As interface contains an electric field, while that on the nonpo-

lar (110) plane does not [11]; though the difference in the layer ionicity of ZnSe and GaAs
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as well as nonoctet bonds plays a role in determining the electronic structures. According

to the calculation of Oda and Nakayama based on the semiempirical sp3s* tight-binding

method [12], the band gap energy of the ZnSe-GaAs superlattice grown along the [OOI]

direction changes largely (NO.3 eV) with varying configuration of Ga-Se donor and Zn-As

acceptor bonds at the interfaces. In contrast, in the isovalent AIAs-GaAs superlattices,

there is little variation of the band gap energy due to interface atomic configurations.

    As a practically more important feature, the capability of controlling the band offsets

must be pointed out. Although the band offset, which determines the carrier transport

and confinement properties in the heterostructures, has been recognized to be an intrinsic

property for a given heterostructure, a number of recent works revealed that it depends
                  la
on the interface properties [13-23]. In the case of the isovalent heterostructures, however,

the variation of the band offset is small in principle. Theoretical studies showed that, for

example, the valence band offsets in InAs/GaSb(OOI) heterostructures differ by only O.15 eV

with different interface compositions [13], In contrast, the heterovalent heterostructures

have been theoretically predicted to show large variations of the band offsets, e.g., 1.0,

O.6, and O.8 eV for ZnSe-GaAs(OOI) [14,15], Ge-GaAs(OOI) [16,17], and Si-GaP(OOI) [16],

respectively. The large variation in the band offsets at the heterovalent interfaces originates

from the existence of nonoctet bonds which form donor and acceptor states. Let us explain

the mechanism for this referring to Fig. 1,2, in which the ZnSe-GaAs heterointerfaces are

used as a model,

    From the viewpoint of stability, no charges should be accumulated at interfaces, that

is, interfaces should be completely "compensated" to achieve the charge neutrality [24, 25].

This is because the charge accumulation brings the electric field that enlarges the energy

in the system. In order to compensate the chemical va}ence mismatch and to achieve

the charge neutrality in the heterovalent heterostructures, the same number of donor and

acceptor bonds must exist at the interface. Figure 1.2 shows some of the most simplified

examples satisfying this situation; (a) a mixed Ga-Zn plane with 50-50 composition and (b)

an As-Se plane with the same composition at the interface. Owing to the transfer of excess

electrons from the Ga-Se donor states to the Zn-As acceptor states, the dipole moments

pointing toward GaAs (a) and ZnSe (b) are induced. The dipoles in Fig. 1.2(a) raise the

potential of GaAs and make the valence band offset large, while by the dipoles in the

opposite direction [Fig. 1.2(b)], the valence band offset becomes small. The first-principle
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Figure 1.2: Formation of the electronic dipoles at the ZnSe-GaAs interfaces. The compen-
sated neutral interfaces are formed with (a) a mixed Ga-Zn plane with 50-50 composition
and (b) an As-Se plane with the same composition.

calculation by Nicolini et al. indicated that the valence band offsets in Figs. 1.2(a) and (b)

are 1.59 and O.62 eV, respectively [14], and also, similar calculation by KIey et al. indicated

that those are 1.75 and O.72 eV, respectively [15]. As is easily deduced, the strength and

direction of the dipoles depend sensitively on the microscopic interface atomic configuration

and, thus, so do the band offsets,

    Experimentally, it has been revealed for several prototypical lattice-matched and the-

oretically well-understood heterostructures that the band offsets depend on the crystal-

lographic orientation, the growth sequence, and the growth conditions [14,18-23]. How-

ever, tunability via intentional control of the interface atomic configuration has never been

achieved yet for any heterostructures. Since the band offset is a crucial parameter which

determines the electronic behavior of the heterointerface, and thus device performance [26],

the fiexibility in designing new devices would be tremendously increased by the tunable

band offsets.

    From the above background, efforts are devoted in this study to control the band

offsets through the interface engineering in the heterovalent heterostructures. Among a

number of heterovalent material combinations, the heterostructure consisting of ZnSe and

GaAs was selected. In order to emphasize the heterovalency, lattice mismatch should be

avoided and, in this sense, ZnSe-GaAs [1] is an appropriate material combination because

of small lattice mismatch of O.279o at room temperature, which may provide structuraily
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ideal interfaces.

    Toward the goal, there are two central problems to be solved; (1) how to fabricate

the structure and (2) how to control the interface properties. Considering that many of

the present-•day heterostructure devices consist of multilayered structures, ZnSe and GaAs

should also be grown alternately. However, the growth of GaAs on ZnSe is considerably

more difficult than the much-studied inverse grewth of ZnSe on GaAs, and therefore, fab-

rication of the ZnSe-GaAs multilayered structures has hardly been reported [27, 28]. There

are several reasons for this. Unfortunately, if a material A is grown two-dimensionally on a

material B, the growth of the inverse heterostructure, B/A, is generally three-dimensional.

This is explained well in terms of the force balance equation for the liquid-drop model
                   ts
of a nucleus, ou = aeu + ae cosn, where au is the energy per unit area of the underlying

layer-vapor interface, o, is the energy per unit area of the epilayer-vapor interface, o.. is

the energy per unit area of the underlying layer-epilayer interface, and n is the contact

angle between epilayer and underlying layer. The two-dimensional (2D) growth (ep = OO)

of A/B satisfies oB = ffAB + aA, and with this equation, the contact angle n for the B/A

growth satisfies cos 77 = (aA - cTAB)/aB = 1 - 2 aAB/aB . rl'his quantity cannot be unity, that

is, the growth of B/A cannot be in the 2D growth mode. The liquid-drop model, however,

assumes the equilibrium state and the actual growth, which is in a non-equilibrium state,

might exhibit more complicated behavior. In turn, that may be a key to overcome the dif-

ficulty of the growth. Another issue specific for ZnSe-GaAs is the widely differing optimum

growth temperatures; high-quality ZnSe is grown on GaAs at temperatures below 5000C,

whereas GaAs with superior properties is grown at temperatures above 6000C in the case

of metalorganic vapor phase epitaxy (MOVPE).

    Let us introduce several reports on the growth of GaAs on ZnSe. Kobayashi and

Horikoshi investigated GaAs molecular beam epitaxy (MBE) on ZnSe [27]. The growth

was highly three-dimensional owing to the low sticking coefficient of GaAs on ZnSe, and

to overcome this problem, the combination of sglid-phase epitaxy (SPE) and migration-

enhanced epitaxy (MEE) was employed. The uniform layer of GaAs was obtained by

initiating the growth with As4 adsorption on ZnSe and deposition of 2 atomic layers of Ga

at room temperature followed by SPE and MEE. Farrell et al. examined the correlation

between interface structures and the growth behavior of GaAs MBE onto ZnSe [29]. They

pointed out that a ZnSe(100)c(2 Å~ 2)-Zn surface, which is terminated with 1/2 atomic
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layer of Zn, is optimized by a sequence of steps involving a predeposition of excess Se and

a low-temperature deposition of 1/2 atomic layer of Ga prior to the GaAs epit.a[xy. It is

interesting to note that this procedure would provide equal numbers of Ga-Se and Zn-As

bonds at the interface, resulting in charge neutrality.

    In this work, on the other hand, we selected MOVPE as a growth method, expecting

that the higher chemical reactivity in MOVPE may improve the low sticking probability of

GaAs on ZnSe and enables us to avoid the complicated procedures involved in MBE. With

respect to the artificial control of the band offsets, intuition appeals that MBE is more

favorable for the atomic level control of the interface atomic configuration; in sitzL and/or

in line monitoring of the interface formation is possible in MBE, for example, by reflection

high energy electron diffraction (RHEED) and coaxial impact collision ion scattering spec-

troscopy (CAICISS). However, the procedures providing the high quality heterointerface

are quite limited in MBE as mentioned above, which may affect the controllability of the

band offset with keeping the quality of the heterostructures. In the case of MOVPE, we

will demonstrate that the artificial control of the band offsets is successfu11y achieved with

the help of its high reactivity.

    Following this chapter, chapter 2 describes the MOVPE system, GaAs homoepitaxy,

and ZnSe heteroepitaxy on GaAs. In particular, the nucleation processes of ZnSe on GaAs

are investigated in detail and the condition that realizes atomically flat surfaces of ZnSe

is revealed. The flat surface in the atomic level is ideal for manipulating the interface

atomic configuration and, in chapter 3, this surface is used for the control of the band

offsets. In chapters 4 and 5, the nucleation mechanisms and the control of the band offsets

in GaAs/ZnSe are discussed, respectively. In chapter 6, the tunability of the band offsets

in ZnSe/GaAs and GaAs/ZnSe attained in chapters 3 and 5 is applied to ZnSe-GaAs

multilayered quantum structures. Unique characteristics which cannot be realized in the

conventional isovalent material systems are demonstrated. The results of this study are

summarized in chapter 7.
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Chapter 2

of on

2.1 Introduction

    Unlike isovalent heterostructures, an ideal planar geometry is not allowed at polar

heterovalent interfaces, because that causes charge imbalance, Therefore, various interface

atomic configurations such as intermixing, interfacial compounds like Ga2Se3 [1,2], and

interface reconstruction structures [3] may appear to attain the charge neutrality. These

interface structures remarkably influence the subsequent nucleation processes and the prop-

erties of heterostructures [4-6]. Reflection high energy electron diffraction (RHEED) obser-

vation has shown [4] that the nucleation processes of ZnSe on GaAs(OOI) during molecular

beam epitaxy (MBE) can be varied from a two-dimensional (2D) layer-by-layer mode to

a three-dimensional (3D) island formation by modifying the stoichiometry of the starting

GaAs surface. Furthermore, it has been reported that the dislocation configuration and the

crystalline quality of ZnSe epilayers depend on the initial nucleation processes [5,6]; the

3D initial nucleation brings a high density of threading dislocations, while the increasingly

2D nucleation results in fewer threading dislocations.

    However, it should be noted that the correlation between the interface structures and

the following growth remains uncertain. This is because interface structures can be modified

by changing the growth conditions and the growth techniques, which leads to various

nucleation processes. In particular, there is no report on the detailed nucleation behavior

of ZnSe during metalorganic vapor phase epitaxy (MOVPE), although the presence of

hydrogen and hydrocarbons during the growth can make a considerable difference between

MOVPE and MBE. Toward a comprehensive understanding of the nucleation processes, we

investigate, chiefly by means of atomic force microscope (AFM) [7], the surface morphology

11
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of ZnSe grown on GaAs(OOI) by MOVPE. In order to facilitate the observation of the

nucleation, the GaAs surfaces before the ZnSe growth are carefully manipulated to consist

of atomically flat terraces and monolayer (ML) steps. Then, the nucleation processes of

ZnSe on GaAs are discussed. The growth conditions under which an atomically flat surface

is obtained are revealed for the first time in this material system.

2.2 MOVPE Growth
    The epitaxial growth was carried out using an atmospheric-pressure MOVPE sys-

tem which was specially designed and constructed for this study. The MOVPE system
                  as
is schematically illustrated in Fig. 2.1. Triethylgallium (TEGa) and tertiarybutylarsine

(TBAs) were used as source precursors for the GaAs growth, and diethylzinc (DEZn) and

dimethylselenium (DMSe) for the ZnSe growth. The flow rates were precisely controlled

by mass flow controllers. The cation sources (TEGa and DEZn) and the anion sources

(TBAs and DMSe) were separately transferred from the bubblers to the reactor by hydro-

gen passed through a Pd hydrogen purifier, and mixed at the very entrance of the reactor,

The total hydrogen fiow rate was about 3 SLM, which corresponded to the flow velocity of

15 cm/s just above a substrate. The reactor was made of transparent quartz and was in

the vertical configuration. In order to absorb unfavorable reaction products during growth,

the reactor was cooled with water.

    Substrates were set on a SiC-coated graphite susceptor and heated by radio frequency

(RF) induction with a 29-kHz, 5-kW RF generator. The susceptor temperature was moni-

tored using a Pt-PtRh(13oro) thermocouple. The difference between the measured and the

real temperature was adjusted in advance using the melting points of Pb (327.50C), Zn

(420.00C), and Al (660.50C).

    The typical flow rates for TEGa and TBAs were 10 and 100 pamol/min, respectively,

while those for DEZn and DMSe were 1.2 and 12 pamol/min, respectively. These fiow rates

realized the anion-excess growth ambient which is desirable for obtaining high crystalline

quality. The growth rate of GaAs under these fiow rates was 1.0 pam/h for growth temper-

atures between 450 and 7000C and was decreased to O.8 pam/h at 4000C. Regarding ZnSe,

the growth rate depended on the growth temperature. At a typical growth temperature of

4500C, the growth rate under the above fiow rates was O.2 ML/s (= O.57 A/s). Both ZnSe
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H2 purifier

  Sub
Chamber

Figure 2.1: Schematic diagram of the MOVPE system.
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and GaAs layers were grown in the same reactor.

GaAs

2.3 PreparationofGaAsSurfaces

   The substrates used in this study were GaAs(OOI) nominally singular substrates. The

unintentional misorientation angle of the substrates from the (OOI) singular surface was less

than O.050. Prior to the growth, the substrates were cleaned by degreasing in acetone and

methanol followed by chemical etching in an acidic solution of H2S04 : H202 : H20 = 5 :

1 : 1 (by volume) at 400C for 1 min. After being etched chemically, the GaAs substrates

were subjected to thermal annealing in the MOVPE reactor to desorb the surface oxide

layer. The effect of annealing conditions on surface structures of GaAs was examined.

   Figure 2.2 compares AFM images of the GaAs substrates annealed at 5900C for 10 min

in (a) nitrogen, (b) hydrogen, and (c) a mixture of TBAs/hydrogen. It is clearly seen that

annealing in the nitrogen ambient resulted in a rough surface covered with a significant

number of nuclei. Moreover, the detailed observation revealed the existence, in placesl of

holes 2 nm in depth, which developed deeper as the annealing temperature was raised to

6300C.

   On the other hand, all steps observed in Fig. 2.2(b) are 1-ML high and no nuclei

(a) Nitrogen (b) Hydrogen (c) TBAs/Hydrogen

                                              [iiO] L [iio]

Figure 2.2: AFM images of the GaAs substrates annealed at 5900C for 10
nitrogen, (b) hydrogen, and (c) a mixture of TBAs/hydrogen.

  1um
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are detected on the terraces, indicating that the hydrogen ambient makes the surface

atomically flat. A terrace width about 500 nm is equivalent to a O.030 misorientation

from the [OOI] direction. Therefore, the density and direction of the steps reflect the

unintentional misorientation of the substrate. The surface-terminating atoms must be Ga

owing to the absence of As flow. A similar surface could be obtained by annealing in the

temperature region between 590 and 6300C. However, annealing at a higher temperature

of 7000C formed hillocks, presumably Ga-droplets, although terraces and ML steps were

still preserved.

    Let us consider the mechanism for the formation of the flat surface by annealing in

the hydrogen ambient at 590 - 6300C [Fig. 2.2(b)]. If Ga atoms detach from step edges for

migration, As evaporation follows immediately owing to the higher vapor pressure of As

and the lack of As in the ambient. Under this situation, migrating Ga atoms no longer have

places to be incorporated into GaAs again, resulting in the formation of 3D Ga-droplets.

Therefore, it is reasonable to consider that there are few Ga atoms which desorb from the

step edges and are migrating on the GaAs surface. In order to clarify whether desorption of

Ga atoms from the step edges is suppressed by hydrogen or promoted by nitrogen, annealing

was performed using a MBE chamber. Consequently, we have found it dilificult to obtain an

atomically flat surface of GaAs under ultra high vacuum without an As flux. This indicates

that hydrogen plays an important role in suppressing desorption of Ga and in forming an

atomically flat surface. Recently, Koukitu et al. reported that, in halogen transport atomic

layer epitaxy, Ga atoms on a GaAs surface were terminated by hydrogen from the carrier

gas [8]. Analogically, the surface Ga atoms during annealing in the hydrogen ambient seem

to be terminated by hydrogen. Since bonding with a hydrogen well reduces the number

of dangling bonds and Iowers the surface energy, the surface terminated by hydrogen is

relatively stable and desorption of Ga, which increases the surface energy, is suppressed.

    Introduction of TBAs into the hydrogen ambient also resulted in the formation of

atomically flat terraces and ML steps, as shown in Fig. 2.2(c). Annealing between 590 and

7000C provided similar surface structures. No hillocks were formed even at 7000C under the

TBAs flow and this finding supports the previous hypothesis that the hillocks generated

by annealing at 7000C without As are Ga-droplets. Comparing Figs. 2.2(b) and (c), it is

found that the role of TBAs is to make steps smooth. With the TBAs fiow, desorption

of Ga atoms from step edges can occur without increasing the surface energy remarkably,
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because As in the ambient allows the desorbed Ga atoms to readsorb to GaAs and realizes

the equilibrium state between the desorption and the readsorption. The desorbed Ga atoms

migrate reiatively freely on the GaAs surface and, as a result, the ML steps are straightened

so as to minimize the total surface energy.

    For II-VI heteroepitaxy on GaAs, an As source is not necessarily equipped to a growth

chamber, because it may be the origin of contamination. Although an As source is needed

to control surface atoms of GaAs, it is worth noting from a structural viewpoint that

atomically flat surfaces can be obtained by annealing in a hydrogen ambient without an

As source. s•

    A 1500-A-thick GaAs buffer layer was grown at 7000C on the substrate annealed in

a mixture of TBAs/hydrogen. AFM observations revealed that the surface of the epilayer

consisted of terraces, ML steps, and 2D islands, indicating that the growth was in the 2D

nucleation mode. Since the step edge acts as the major sink for the surface migrating

species, the 2D islands remained only in the middle of the terraces. In order to remove

the 2D islands, post-growth annealing [9] was performed at 7000C for 10 min with the

TBAs flow. The surface after annealing possessed regular terraces without 2D islands as

illustrated in Fig. 2.3. The step edges, which were not modified by post-growth annealing,

became much straighter than those on the surface of the GaAs substrate [Fig. 2.2(c)]. The

straightened step edges indicate the decrease in the number of kink sites. Therefore, the

GaAs epilayer has lower surface energy and is more stable than the GaAs substrate. The

steps lrML high indicate that the surface is fully stabilized by either Ga or As. Arsenic

is a more plausible candidate because the substrate was cooled with the TBAs flow after

annealing [10, 11].

    The As-terminated GaAs epilayer obtained by the above mentioned procedure was

used for the following ZnSe growth. Since a ZnSe layer was successively grown in the same

reactor, the GaAs buffer layers were kept in the reactor under hydrogen flow at 2000C for

typically 1 h for purging of the source precursors for the GaAs growth.

lii
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                [11O] ! [11o]

                                           N
                                             500 nm

Figure 2.3: AFM image of the GaAs epilayer grown at 7000C followed by annealing at the
same temperature for 10 min. The epilayer thickness is 1500 A. The height of all steps is

1 ML.

2.4 Nucleation Processes of ZnSe on GaAs

2.4.1 Rate-limitingsteps

    Before describing detailed nucleation processes, the rate-limiting steps during MOVPE

growth of ZnSe are summarized.

    At several temperatures, the growth rate as a function of the molar flow ratio of

DMSe/DEZn (VI/II ratio) was investigated, where the flow rate of DEZn ([DEZn]) was

kept constant at 6 pamol/min. The results are indicated in Fig. 2.4. Regardless of the

growth temperatures, the growth rate increased with increasing the VI/II ratio when it was

lower than approximately three, while it was independent of higher VI/II ratios. In other

words, when the VI/II ratio is lower than three, the growth rate is limited by the DMSe

flow rate, whereas the VI/II ratio higher than three realizes the DMSe-excess condition.

Since the crystal growth should be performed in an anion-excess ambient for attaining high

crystalline quality, the VI/II ratio was typically set at 10 in this study.

    Figure 2.5 shows dependence of the growth rate on the reciprocal growth temperature

under a constant VI/II ratio of 10. The growth rate did not depend on growth temperatures

:
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Figure 2,4: Growth rate versus molar flow ratio of DMSe/DEZn (VI/II ratio).
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Figure 2.5: Growth rate versus reciprocal growth temperature (Tg).
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Figure 2.6
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: Dependence of the growth rate on [DEZn]. The VI/II ratio is constant at 10.

above 5000C, which is indicative of mass-transport-limited growth. On the other hand,

at temperatures below 5000C, the growth rate decreased with decreasing temperature,

characteristics of a process limited by surface kinetics. As is deduced from the figure,

the growth rate in this regime can be expressed as RgOO exp(-AE/kBT), where Rgr is a

constant, AE is the activation energy, kB is the Bolzmann constant, and T is the absolute

temperature. From this equation, the activation energy was estimated to be 20 kcal/mol,

which is typical for ZnSe MOVPE [12].

    Figure 2.6 shows variation of the growth rate due to [DEZn]. Here, the VI/II ratio

was, again, 10. At the growth temperatures of 400 and 4500C, the growth rates appeared to

saturate with increasing [DEZn] when it exceeded 4.0 and 3.5 pamol/min, respectively. Since

the growth below 5000C is limited by surface kinetics as shown in Fig. 2.5, these saturating

growth rates indicate that those are determined by the reaction rate for generating ZnSe

and, consequently, that both DEZn and DMSe are excess in the ambient. On the other

hand, under other conditions, that is, [DEZn] less than 4.0 ptmol/min at 4000C, less than

3.5 pamol/min at 4500C, or the growth temperature of 5000C, the growth rate was almost

proportional to [DEZn]. This indicates that the surface kinetic step Iimiting the growth

rate is related to DEZn.
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2.4.2 Effectsofgrowthparameters

    In this section, first, the effects of the growth temperature and the VI/II ratio on the

nucleation processes are investigated. Then, the effects of the' growth rate are discussed.

The thickness of ZnSe was 100 A for all samples in this section, at which the growth is not

influenced by the interface, as verified in Sec. 2,4.3.

growth temperature and molar flow ratio

    The growth rate of ZnSe depeRds on the growth temperature as shown in Fig. 2.5.

Therefore, the mola! flow rates were adjusted so as to maintain a growth rate of O.2 ML/s

(== O.57 A/s), by which the infiuence of the growth rate could be avoided. Note that the

rate-limiting step for the growth rate of O,2 ML/s is related to [DEZn] (see Fig. 2.6). This

is a favorable condition in terms of surface flatness as shown Iater.

    The ZnSe surfaces were observed by AFM in air immediately after the growth. Figure

2.7 compares AFM surface images and cress sections of ZnSe grown at 400, 450, and

5000C with a VI/II ratio of 10. A significant degree of 2D nucleation is observed on the

surface of ZnSe grown at 4000C [Fig. 2,7(a)]. Surface roughness estimated from the cross

section is Å}1 .ML, indicating that the growth was in the multinucleation mode where 2D

nucleation occurs before the underlying 2D nuclei complete 1 ML growth. At 4500C as well,

ZnSe grew though 2D nucleation [Fig. 2.7(b)]. In those figures, representative features are

indicated by arrowheads. Those indicated by the arrowheads marked @ are 1 ML steps.

Smal} islands typically 20 nm in diameter and relatively large islands which are assemblies

of small islands are represented by the arrowheads marked @ and @, respectively. As

mentioned previously, the misorientation of the substrate is within O.050, which corresponds

to a terrace width of greater than 320 nm. The observed separations of ML steps marked

O are about 200 - 500 nm, and therefore the ML steps are derived from the substrate

misorientation. It should be noted that all steps and islands observed on the surfaces of

ZnSe grown at 400 and 4500C are 1-ML high, indicating that the ZnSe surface is fully

covered with either Zn or Se. Se is more plausible because the MOVPE growth was carried

out with an excess of DMSe. The difference between 400 and 4500C growth is that, at

4500C, the background of the islands is atomically flat, which means that the growth is in

the layer-by-layer mode. The transition from the multinucleation mode to the layer-by-layer

:
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Figure 2.7: AFM images and cross sections of as-grown ZnSe surfaces. The growth tem-
peratures are (a) 400, (b) 450, and (c) 5000C, respectively. Arrowheads marked 1 indicate

1 ML steps. Arrowheads marked 2 and 3 represent small islands typically 20 nm in diam-
eter and relatively large islands which are assemblies of small islands, respectively. The
dotted lines in the cross sections indicate the background step structures.

mode is due to the higher growth temperature. Increasing the growth temperature would

result in an increase in the diffusion coeficient of adatoms and consequently promotion of

2D Iayer-by-layer growth. One may feel that a further increase in the growth temperature

brings step flow growth mode, although, contrary to expectation, ZnSe grown at 5000C was

highly three-dimensional as shown in Fig. 2.7(c), The surface root-mean-square (RMS)

roughness was 10.4 A and islands were elongated in the [110] direction,

    To discuss the results obtained by the AFM observations more quantitatively, the

surface RMS roughness was summarized in Fig. 2.8 as a function of the VI/II ratio, where

the growth temperature is a parameter. The VI/II ratio was varied with changing the

flow rate of DMSe, while keeping [DEZn] constant. At 4000C, the multinucleation growth

was preserved at any VI/II ratios and the surface RMS roughness was estimated to be
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Figure 2.8: Dependence of the surface RMS roughness of ZnSe/GaAs(OOI)
AFM on the VI/II ratio. The growth temperature is used as a parameter.

measured by

within 1 ML (= 2.8 A). However, surface morphology was slightly modified by the VI/II

ratio, ZnSe islands 1-ML high, which have round shape when the VI/II ratio is Iess than

10 [cf. Fig. 2.7(a)], were elongated toward [110] by VI/II ratios higher than 15. Since Se is

bound at [110] steps more weakly than at [110] steps, the deficiency of Se at the [110] steps

might occur, in particular, under low VI/II ratios. The increase of excess Se by high VI/II

ratios reduces the deficiency of Se at the [110] steps and enhances the incorporation of Zn

adatoms at the [110] steps, resulting in faster growth rates in the [110] direction and, thus,

the anisotropic island shape. With respect to ZnSe grown at 4500C, changes in the surface

RMS roughness and in surface morphology were not appreciated. On the other hand,

surface roughness of ZnSe grown at 5000C was remarkably improved by the high VI/II

ratio, implying that the formation mechanism of 3D anisotropic islands is related to the

amount of Se on the surface, If the amount of Se is small under low VI/II ratios, migration

of Zn adatoms is enhanced. Under this situatiQn, the migrating Zn atoms easily coalesce

with each other and cohere to form 3D islands because the possibility of Zn meeting Se is

low. Concerning anisotropy of the 3D islands, it hardly depended.on the VI/II ratio and

seems to be caused by Zn atoms. Owing to the anisotropic bond configuration, a Zn atom

at a [110] step is bound by three bonds to the step side and the step bottom [(OOI) plane],

whereas one at a [110] step is bound by two bonds to the step bottom. Thus, islands tend
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to be elongated in the [110] direction in which a Zn atom is bound more strongly by the

larger number of bonds.

growth rate

    With the growth temperatures of 400 and 5000C, the variation of the growth rate

did not alter the nucleation processes drastically. Thus, here, the results with the growth

temperature of 4500C are described. The VI/II ratio was constant at 10.

    The surfaces of ZnSe grown with different growth rates were observed by AFM. As

long as the growth was limited by the amount of the supplying DEZn, which is realized

by [DEZn] Åq 3.5 pamol/min (cf. Fig. 2.6), the surfaces were atomically fiat similar to

Fig. 2.7(b), However, ZnSe grown in the reaction-kinetics-limited growth regime ([DEZn] År

3.5 pamol/min) exhibited a rough surface as shown in Fig. 2.9. The surface is wavy with

roughness of Å}5 A, In the reaction-kinetics-limited growth regime, excess source precursors

exist in the ambient, which is supposed to affect the surface fiatness of ZnSe, for example,

through deposition of Zn metal, These results strongly suggest that, in terms of the surface

flatness, the growth should be performed in the growth regime where the rate-limiting step

is the amount of the supplying source precursors.

 . s,.ts).,,tr,.:' .
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Figure 2.9: AFM image of ZnSe grown at 4500C with [DEZn] of 6 pamol/min and a VI/II
ratio of 10, which bring the reaction-kinetics-limited growth.
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    The conclusion extracted from the above discussions concerning the growth parame-

ters is that, for obtaining an atomically flat surface of ZnSe, strict control of the growth

temperature and the growth rate is necessary, though that of the VI/II ratio is not.

comparison with MBE growth

    Let us compare the present results with MBE growth, by which ZnSe-based devices

have, so far, been fabricated [13,14]. The typical growth temperature in MBE is as low

as 3000C, and this seems to be too low to achieve sufllLcient migration, considering the

optimal growth temperature revealed in this study, that is, 4500C, In addition to the

growth temperaturek the growth method itself also plays an important role in determining

the diffusivity of adatoms; in the case of GaAs homoepitaxy, the diffusion coefllcient of

Ga adatoms on a GaAs surface in MBE is much smaller than that in MOVPE [15]. The

present results as well as this report imply that it is quite dificult to form an atomically

fiat surface of ZnSe by MBE with conventional methods. Then, are there some possible

ways to realize an atomically flat surface with terraces and ML steps by MBE? It depends

on both diffusion coefficient of adatoms and substrate misorientation. Namely, if adatoms

can diffuse more than half of terrace width, which is determined by the misorientation, step

propagation growth will occur and the resultant surface will be atomically flat. Therefore,

one possibility is to employ the growth method such as migration enhanced epitaxy (MEE)

and atomic layer epitaxy (ALE) which may achieve greater diffusion coeflicients. The

recent investigation for GaAs homoepitaxy revealed that the diffusion coefficient in ALE-

MOVPE is about two orders of magnitude larger than in conventional MOVPE [16]. The

other possibility is to use substrates with higher misorientation. Since higher misorientation

causes narrower terrace width, the growth on such substrates may be in the step fiow mode

even with a low diffusivity, resulting in an atomically flat surface.

2.4.3 Initial nucleation processes

    The growth temperature of 4500C was revealed to be suitable for obtaining the atom-

ically flat ZnSe surface. Therefore, discussions hereafter focus on the nucleation at 4500C.

Since the nucleation processes may depend on the interface structure as described in

Sec. 2.1, the interfaces were formed with different manners; before beginning the ZnSe

growth, the GaAs surfaces were exposed to either the Zn or the Se precursor for 1 min
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and 15 s, respectively at 4500C. Differences in the nucleation behavior due to the starting

precursors were investigated.

    The ZnSe surfaces were observed by AFM. Figure 2.10 traces how the initial nucleation

behavior changed as the growth proceeded. Regardless of the starting precursors and the

film thickness, ML steps which already existed on underlying GaAs (Fig. 2,3) persisted to

the ZnSe surfaces as indicated by arrowheads. At a very early stage of the Zn-initiated

growth, a number of islands were formed on terraces as observed in the AFM image of 10-A-

thick ZnSe. The distribution of the islands is homogeneous in the entire area of the sample

surface and the density was estimated to be 3Å~ IOiO cm'2. The height of the islands is 1 ML,

indicating that the growth was in the 2D nucleation mode. The islands are elongated in

the [110] direction; the typical dimensions are 100 nm in the [110] direction and 25 nm in

the lllO] direction. This is probably caused by the anisotropic bond configuration. When

a ZR atom migrating on the surface is incorporated into an island, the Zn atom is bound

more strongly at a [110] step by the larger number of bonds, which elongates the islands

in the corresponding direction. This is the same mechanism considered for the 3D islands

in Sec. 2.4.2, As the growth continued, the anisotropic islands disappeared and relatively

wide areas with atomically fiat surfaces appeared at a layer thickness of 30 A. The similar

surface structure continued up to, at least, 900 A, This transition from a number of 2D

nuclei to the flat surface indicates a decrease of the nucleation density. It has generally been

found that the nucleation density decreases as surface diffusion is activated, and therefore,

Zn adatoms on ZnSe are supposed to diffuse more easily than on GaAs.

    Regarding the Se-initiated growth, the feature of the initial nucleation is different from

that of the Zn-initiated growth; although 2D islands are observed on 10-A-thick ZnSe,

they exhibit isotropic round shape with typically 10 nm in diameter and their density,

8Å~10iO cm-2, is about three times higher than that in the Zn-initiated growth. Further-

more, surface roughness determined from a cross sectional view is Å}1 ML, indicating that

the growth was in the multinucleation mode. These differences of the nucleation behavior

indicate that the diffusion of Zn adatoms is suppressed on GaAs exposed to DMSe. As

the thickness of ZnSe was increased, the islands developed and the diameter became about

30 nm at a thickness of 30 A. The further increase in thickness to about 100 A brought the

transition from 2D nuclei to an atomically flat surface. The thickness at which the transi-

tion occurs is thicker in the Se-initiated growth than in the Zn-initiated growth. This also
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Figure 2.10: AFM images of the nucleation behavior of ZnSe grown at 4500C. The nu-
cleation processes depend on the starting precursors and change as the growth proceeds.
Arrowheads indicate 1 ML steps.
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originates from the less diffusivity of Zn atoms on the Se-treated GaAs. ZnSe thicker than

100 A showed similar surface structures with ZnSe thicker than 30 A in the Zn-initiated

growth. Thus, the growth with atomically fiat terraces is free from the infiuence of the

ZnSe/GaAs interface and may approximate the homoepitaxy of ZnSe, where the epitaxial

material is growing onto itself.

    Now, a question arises why the starting precursors cause the difference in the nucleation

processes of ZnSe on GaAs. Since the growth conditions are completely the same for the

Zn- and the Se-initiated growth, attention should be directed to the interface properties.

Thus, the atomic configuration near the heterointerfaces was investigated by x-ray crystal

truncation rod (CTR) scattering measurements [17]. As a result, it has been revealed

that in the Zn-initiated growth, Ga and Zn atoms interdiffused into several ML's, while

the As and Se distributions changed quite abruptly at the interface. For the Se-initiated

heterointerfaces, on the other hand, the CTR profiles could not be interpreted only by

assuming the distribution of the constituent atoms on the zincblende lattice, implying the

introduction of imperfections such as vacancies, anti-site defects, and interstitial atoms to

the interfaces. This difference of the interface structures due to the starting precursors

gives rise to the variation of the nucleation processes revealed by AFM. In the case of the

Se-initiated growth, since the imperfections and/or strain induced by them can modify the

surface energy around them, the distribution of the surface energy becomes inhomogeneous.

This inhomogeneity causes inhomogeneous nucleation, that is, the formation of a significant

number of 2D islands as observed in the AFM images (Fig. 2.10).

    The analysis of the CTR profiles is in progress, and the origin of the imperfections

introduced by the Se-initiated growth has not been identified yet. For a complement, (110)

cross-sectional views of the interfaces were observed by transmission electron microscopy

(TEM) using a JEOL JEM2000EX system operated at 200 kV. The samples were prepared

by the conventional Ar+-milling at room temperature. Figure 2.11 shows TEM O02 dark

field images of the (110) cross sections of (a) the Zn-initiated and (b) the Se-initiated

interface. In Fig. 2.11(a), the interface is featureless, indicating the absence of a transition

layer. This does not 6ontradict the result of the x-ray CTR measurements. For the Se-

i•nitiated growth [Fig. 2.11(b)], on the other hand, dark contrast observed at the interface

proves the presence of an interfacial layer which includes the imperfections revealed by the

CTR measurements. The O02 dark field image also exhibited a dark interface line. These
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Figure 2.11: TEM O02 dark field images of the (110) cross sections of the ZnSe/GaAs
heterostructures. Differences in the interface structure due to the starting precursor for

the ZnSe growth are compared, (a) Zn-initiated growth and (b) Se-initiated growth. The
interfaces are marked by arrowheads.

findings indicate that the value of a O02-type structure factor of the interfacial layer must

be less than those of ZnSe and GaAs. Since the structure factor of O02 reflection is given by

a difference of individual atomic scattering factors, and since the values of the scattering

factors for Zn, Ga, As, and Se are nearly equal, the O02 structure factors for ZnSe and

GaAs are very small (3.5 and 1.5, respectively). Therefore, the O02 structure factor of the

interfacial layer might be almost zero, which is achieved by a stack of atomic layers with

nearly the same scattering factors. This indicates that an interfacial layer which possesses

vacancies only in the cation sublattice does not exist in the present MOVPE samples,

because the O02 structure factor for such a transition layer is greater than those for ZnSe

and GaAs and brings bright contrast in TEM images. When ZnSe is grown by MBE on

Se-treated GaAs, Ga2Se3 containing Ga (cation) vacancies is formed at the interface as

suggested by earlier studies [1,2]. However, based on the above analysis on the structure

factor, we can rule out the possibility of the formation of Ga2Se3 in the present MOVPE

samples.

    Here, we will discuss differences between MBE and our MOVPE results. It has often

been reported that a Zn-exposure treatment of GaAs surfaces prior to the MBE growth

of ZnSe resulted in the 2D growth as verified by a streaky RHEED pattern [6]. The Zn-

initiated growth in MOVPE was also in the 2D growth mode as shown in Fig. 2.10. At
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present, we find no evidence to clarify a difference between MBE and MOVPE with respect

to the Zn-initiated growth. A Se-exposure, on the other hand, brings the Ga2Se3 interfacial

layer [1,2] and the corresponding 3D growth in the case of MBE [5,6]. The mechanism

for the formation of Ga2Se3 and the 3D growth has been explained as follows [18]: The

Se-terminated GaAs contains Ga vacancies in order to satisfy the charge neutrality, and the

Se dimers at the GaAs surface possess positive charge as a result of electron transfer from

the Se dimers to the Ga vacancies. This positive charge results in the fi11ed dangling bonds

at the Se dimers being pulled in slightly c}oser to the surface, which makes the surface more

stable and hence, less reactive. A sticking probability of ZnSe to the less reactive GaAs

surface is much lower than that of ZnSe to ZnSe. Therefore, ZnSe preferably grows on

itself, resulting in the 3D growth. Concerning the structure of the 3D ZnSe/GaAs interface

grown by MBE, TEM observations revealed the existence of a zincblende type compound

of Ga2Se3 having Ga vacancies [1,2]. The Ga vacancies induced by the Se-exposure are

preserved even after the growth of ZnSe to be observed as Ga2Se3. In contrast, 3D growth

did not occur in the present MOVPE growth as shown in Fig. 2.10, and the TEM image

(Fig. 2.11) indicated the absence of Ga2Se3 at the interface. The remarkable difference of

MOVPE from MBE is the presence of hydrogen and hydrocarbons. Therefore, we consider

that hydrogen and/or hydrocarbons being provided during the exposure of GaAs to DMSe

change the condition for the charge neutrality and obstruct the generation of Ga vacancies

and, thus, Ga2Se3. Consequently, the GaAs surface exposed to DMSe becomes reactive

compared with that exposed to Se in a MBE chamber, and the 2D growth of ZnSe is

promoted.

    The variation in the interface structures also influenced growth rates. Figure 2.12

exhibits ZnSe thickness as a function of the growth time. The thickness was determined

through analyses of interference fringes and satellite peaks appeared in x-ray diffraction

patterns obtained from ZnSe single films and ZnSe-GaAs multilayered structures, respec-

tively. It is clearly seen that the growth rates, which are determined from the slopes, depend

strongly on the starting precursor, that is, the growth rate in the Zn-initiated growth is

much faster than that in the Se-initiated growth. The growth rate estimated from a thick

ZnSe layer about O.4-pam thick is 30 A/min and this value agrees well with that of the

Se-initiated growth. Therefore, the growth rate is not suppressed by the DMSe-exposure

but enhanced by the DEZn-exposure.
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Figure 2.12: ZnSe thickness as a function of the growth time. The Zn-initiated growth
has the much faster growth rate, which is determined from the slope, than the Se-initiated

growth does.

    In order to elucidate the cause of the growth rate enhancement, we refer again to

the results of the x-ray CTR measurements. As mentioned previously, in the Zn-initiated

growth, interdiffusion of Ga and Zn to several ML's occurs, while the As and Se distributions

change quite abruptly at the interface. As a result, the donor-like bond of Ga-Se and

the acceptor-like bond of Zn-As are induced in ZnSe and GaAs, respectively, to form

dipoles very near the interface. Owing to the dipoles, the valence band offset at the

ZnSe/GaAs interface is modified; that at the Se-initiated interface was estimated to be

O.6 eV by x-ray photoelectron spectroscopy (XPS), while that at the Zn-initiated interface

was 1,O eV [17]. On the other hand, Hall-effect measurements revealed that both ZnSe

and GaAs were n-type and that their carrier concentrations were approximately 1Å~10ii

and 5Å~10i5 cm'3, respectively. Using these carrier concentrations, the Fermi levels for

ZnSe and GaAs were calculated to be 1.5 and 1.0 eV above the valence bands, respectively.

These band parameters deduce band lineups as schematically shown in Fig. 2.13. For

the Se-initiated growth [Fig. 2.13(b)], the Fermi levels for ZnSe and GaAs are located at

almost the same energy level, and as a result, there is little distribution of the electron

density in ZnSe. With respect to the Zn-initiated growth [Fig. 2.13(a)], when ZnSe is thin,

an electron transfer from GaAs to ZRSe occurs to increase the electron density in ZnSe,
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Figure 2.13: Band lineups of the ZnSe/GaAs heterostructures.

thickness of ZnSe and the precursor initiating ZnSe growth are
The variations due to the
illustrated.

and hence, the Fermi level in ZnSe is raised. As ZnSe becomes thicker, band bending

occurs to move the Fermi level to the original position and the electron density at the

growth front approaches the original value, 1Å~10ii cm-3. We consider, at present, that

this increase of the electron density in ZnSe at early stages of the growth is responsible

for the growth rate enhancement. In particular, attention should be paid to an interaction

between electrons and DEZn, because the growth condition employed in this study is a

Se-overpressure condition. It has been found through a mass analysis using a quadrupole

mass spectrometer that DEZn does not decompose completely at the growth temperature

of 4500C, which implies that the Zn atoms adsorbed at the surface are accompanied by

hydrocarbons. Since Zn is positively polarized in the C-Zn bonds, electrons at the surface

are easily attracted by Zn and eliminate the C-Zn bonds, Owing to an excess of Se in the

growth ambient, the elimination of the C-Zn bonds might immediately be followed by the

bonding of Zn with Se. By this mechanism, a higher density of electrons results in a faster

growth rate. The above discussion suggests that the increase of the growth rate due to

electrons is a characteristic of MOVPE and will not be observed in MBE.
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    The growth rate enhancement through alkylzinc elimination has also been observed

by irradiation of photons with energies greater than the bandgap during MOVPE, where

photogenerated carriers are considered to play an important role in enhancing the growth

rate [19]. Although it has not been clear in photoassisted MOVPE whether electrons or

holes are responsible for the decomposition of alkylzinc, the mechanism proposed here for

the growth rate enhancement in the Zn-initiated growth does not contradict the conclusion

from photoassisted MOVPE.

    Similar experiments were also carried out using Ga-terminated GaAs which was com-

pleted by supplying TEGa to the amount corresponding to 1 atomic layer. However, the

infiuence of the starting surface atoms on the nucleation of ZnSe was not found, indicat-

ing that the phenorbena observed in this study were governed by the precursor initiating

the ZnSe growth. From another point of view, a GaAs surface initially terminated by Ga

and that terminated by As are considered to have resulted in the same structure after the

exposure to DEZn or DMSe. This hypothesis is validated by the fol}owing reported experi-

mental results. Zn reacts with As to synthesize Zn3As2, which is a volatile compound easily

evaporated above 3600C [20]. Therefore, as a result of the reaction between DEZn and As

terminating the GaAs surface, As-terminated GaAs turns into Ga-terminated GaAs already

before the ZnSe growth, On the other hand, it has been reported that whatever the initial

surface reconstructions are, Se-exposure below 5500C under ultra high vacuum results in

GaAs with a (2Å~1) Se-terminated surface [21]. In the present study, the durations of the

DEZn- and the DMSe-exposure seem to be sufficiently long to complete reactions like the

above examples. Therefore, if the durations for these exposures are shorter, differences due

to the initial surface atoms of GaAs may be detected.

2.4.4 Nucleation processes during quasi-homoepitaxial growth

    In this section, the nucleation process on a thick ZnSe layer where the growth is a

simulation of the homoepitaxial case is described.

    The atomically fiat surfaces shown in Figs. 2.7(b) and 2.10 are indicative of 2D growth.

More precisely, the presence of the 2D nuclei in Fig. 2.7(b) provides important evidence

that the growth is not in the step flow mode but in the 2D nucleation mode and proceeds

layer-by-layer. This is because if the growth is the step flow growth, the ZnSe surface

should be covered homogeneously with atomical}y flat terraces and ML steps without 2D
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nuclei. Since the growth phase cannot be the same at the atomic level in the entire area of

the surface, it is possible to observe several stages during 1 ML formation though 2D layer-

by-layer growth at different positions on the same layer. Figure 2.14 shows AFM images

and schematic views, deduced from the images, of the formation process of 1 ML ZnSe. At

first, 2D islands are nucleated on terraces [Fig. 2.14(a)]. Then the nucleated islands grow

[Fig. 2.14(b)] and coalesce with each other [Fig. 2.14(c)]. The detailed observation around

the step edges showed the formation of denuded zones, where 2D nucleation does not occur,

indicating that migrating species in the area are preferably incorporated into steps at lower

sides or islands at upper sides. The width of the denuded zone is approximately 60 nm,

implying that the net migrating length of adatoms at 4500C is about half of the width,

30 nm. Therefore, it is expected that the use of a substrate with terraces narrower than

60 nm, which corresponds to the misorientation higher than O.30, results in the step flow

growth. Finally, as shown in Fig. 2.14(d), 1 ML of ZnSe covers almost all of the surface,

and the cycle is repeated.
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2.5 Post-Growth

Chapter 2.

Annealing

MOVPE Growth of ZnSe onGaAs

    In Sec. 2.3, where GaAs was grown homoepitaxially, 2D islands were successfully

removed by post-growth thermal annealing. Following this example, post-growth annealing

of ZnSe was conducted for 10 min under DMSe flow. An AFM image of ZnSe grown at

4500C and successively annealed at the same temperature is shown in Fig. 2.15. Atomically

flat terraces with ML steps and large 2D islands can clearly be seen. Comparing with the

as-grown surface [Fig. 2.7(b)], it is found that annealing effectively has small islands such

as that marked @ in Fig. 2.7(b) (typically 20 nm in diameter) migrated from a terrace

to a step but cannot remove relatively large islands such as that marked @ in the same

figure. This is probably because the temperature of 4500C is not high enough to enhance

rearrangement of relatively stable structures such as large islands. In order to confirm the

effect of temperature on rearrangement of ZnSe surface structures, annealing was performed

at 400 and 5000C against samples grown at 4500C. As expected, an annealing temperature

of 4000C is too low for significantly changing the surface morphology and even small islands

were still observable after the annealing. On the other hand, annealing at 5000C resulted

Figure 2.15:
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in degradation of the surface morphology; that is, fine structures with roughness of 3 ML

appeared, and 10-A-deep holes came to be observed in places. Since the vapor pressure of

Se is higher than that of Zn, Se evaporates from the ZnSe surface predominantly, leaving

the ZnSe surface rough. These results indicate that under the conditions employed in

this study, 4500C is an optimal annealing temp,erature determined by competition between

realization of large diffusion coeMcient and prevention of Se evaporation.

    Post-growth annealing at 4500C, which gives the best results for ZnSe grown at 4500C,

was also performed with ZnSe layers grown at 400 and 5000C. However, an atomically flat

surface could not be obtained for these samples; annealing at 4500C resulted in formation

of 10-A-deep holes on the surface of ZnSe grown at 4000C, while it induced no change in the

surface structures of ZnSe grown at 5000C. Taking into account the above results for ZnSe

grown at 4500C, it is concluded that, although annealing at 4500C is indeed suitable for

obtaining an atomically fiat surface, the annealing temperature must be below the growth

temperature and the surface of as-grown ZnSe itself must be smooth. The condition which

satisfies .this situation is growth and post-growth annealing at 4500C.

    Since the annealing effectively rearranges small structures, as discussed with Fig. 2.15,

it may give more clear images of the growth processes with preserving essential features of

surface structures. Therefore, we shall, again, show the formation process of 1 ML ZnSe

using a sample grown and annealed at 4500C, Similar images using as-grown ZnSe have

already been demonstrated in Fig. 2.14. Figure 2.16 illustrates the AFM images of the

ZnSe surfaces during the layer-by-layer growth. Islands smaller than 20 nm are hardly

observed because annealing at 4500C removed them. As a result, well-defined surfaces

were obtained; island formation, growth, coalescence, and formation of 1 ML ZnSe are seen

much more clearly than in Fig. 2,14.

2.6 Summary
    Preparation of the GaAs surface for the ZnSe growth and the nucleation processes

during ZnSe heteroepitaxy on GaAs(OOI) by MOVPE were described. The growth modes of

ZnSe on the atomically flat GaAs surface were 2D or 3D below or above 4500C, respectively.

In particular, an atomically flat surface could be obtained at 4500C. It was demonstrated

that the initial nucleation at 4500C depended on the source precursor starting• the ZnSe
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growth. The variation in the initial nucleation processes due to the starting precursors was

ascribed to the difference of the interface structures. With respect to the nucleation on

thick ZnSe layers, the 2D Iayer-by-Iayer growth has clearly been observed for the first time.

   It is interesting to note that ZnSe can be grown two-dimensionally from a very early

stage of the growth. This characteristic is favorable for the control of the band offsets via

the atomic level control of the interface atomic configuration, and used in the next chapter.
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Chapter 3

Control of Interface Properties in
ZnSe-on-GaAs Heterovalent
Heterostructures

3.1 Introduction

    The band offset at a heterojunction interface plays an important role in determining

the carrier transport and confinement properties. Although it has been recognized to be

an intrinsic property for a given heterostructure, a number of recent works revealed that it

is a function of the interfacial atomic configuration [1-7]. In particular, large variations in

the band offsets are expected at heterovalent interfaces, owing to the existence of nonoctet

bonds which form donor and acceptor states. If the microscopic interface atomic config-

uration, that is, the position of the donor and acceptor bonds at the interface, can be

controlled in some way, that will lead to the tunability of the band offsets.

    The largest variation of the valence band offset ever achieved is about O.6 eV in the

ZnSe-on-GaAs(OOI) [ZnSe/GaAs(OOI)] system [2]. It was reported that the interface com-

position can be controlled by the Zn/Se flux ratio employed during molecular beam epitaxy

(MBE), resulting in a variation of the valence band offsets from O.58 (Se-rich condition) to

1.20 eV (Zn-rich condition). In that study, hoWever, the difference in the beam pressure

ratio modifies the bulk properties as well as the interface properties and, thus, strict control

of the heterointerface itself has not been achieved yet.

    In this chapter, the tunability of the band offsets at the ZnSe/GaAs heterointerfaces

through the control of the interface atomic cdnfiguration is demonstrated. For this, the

modification of a GaAs surface was completed prior to the growth of ZnSe, and the growth

39
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conditions for both ZnSe and underlying GaAs remained unchanged regardless of the GaAs

surface treatment. Therefore, discussions are concentrated on the interface chemistry with-

out consideration of the bulk properties of ZnSe and GaAs. X-ray photoemission spec-

troscopy (XPS), which has often been utilized for studying the band offsets [2, 6-8], is used

in order to evaluate the valence band offsets and to reveal its tunability [9]. The tun-

ability is also confirmed from the electrical properties of n-ZnSe/p+-GaAs heterojunction

diodes (HD's). The presence of electronic diPoles at the interface, which are responsible

for the tunability of the band offsets, is proved structurally by the x-ray crystal trun-

cation rod (CTR) scattering measurement and optically by the fast Fourier-transformed

photorefiectance (FFT-PR) measurement.

                 la

3.2 PreparationofZnSe/GaAsHeterointerfaces

    The detailed preparation procedures of the underlying GaAs layer were described in

Secs. 2.2 and 2.3. In order to compensate the chemical valence mismatch at the ZnSe/GaAs

heterovalent interface, the same number of donor and acceptor states must exist at the

interface. As simple examples to satisfy this condition, a mixed Ga-Zn plane with 50-50

composition and a As-Se plane with the same composition at the interface have already

been introduced in Fig. 1.2. The resultant valence band offsets for the former and the latter

have been calculated to be 1.59 and O.62 eV, respectively, in Ref. [2], and 1.75 and O.72 eV,

respectively, in Ref. [3]. To realize variation of the interface structure experimentally, in

this study, the GaAs surfaces were exposed to Zn or Se precursors, i.e., diethylzinc (DEZn)

or dimethylselenium (DMSe), at 4500C prior to ZnSe growth. The surfaces of the GaAs

epilayers after these procedures were confirmed, by atomic force microscopy, to preserve

atomically fiat terraces and monolayer (ML, 1 ML == 2.8 A) steps.

    Then, ZnSe layers were grown at 4500C. Molar flow rates of DEZn and DMSe were

1.2 and 12 pamol/min, respectively. As mentioned in the previous chapter, these conditions

make the ZnSe surface fiat to the atomic level. The durations of the Zn- and Se-exposure

were varied within the limits that the atomically flat surface of the ZnSe epilayers is re-

tained. This is because the atomically flat surface of the thin film is a good index of an

abrupt interface.
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3.3 Control of BandOffsets

3•3el XPSmeasurements

experimental details

    ZnSe layers 30 - 50-A thick were grown for XPS. The XPS measurements were per-

formed ex sitiL using a Shimadzu ESCA-1000 system. A schematic diagram is viewed in

Fig. 3.1. The system was equipped with an Al Ka (1486.6 eV) x-ray source and a hemi-

spherical electron energy analyzer. The samples were always placed so that the analyzer

detected photoelectrons vertically emitted from the sample surface. With this experimen•-

tal configuration, the region detectable by XPS was about 45 A from the sample surface.

In order to avoid the influence of the surface contamination due to the exposure to air on

XPS spectra, the ZnSe surface was lightly etched with Ar+ after being loaded into the XPS

chamber. Figure 3.2 is a typical example of the XPS spectra, in which the ZnSe thickness

is approximately 30 A, The thickness of ZnSe (30 A) enabled us to detect photoelectrons

from both sides of the ZnSe/GaAs interface simultaneously. The detected signals were 3d

core levels of Zn, Se, Ga, and As. We can determine the solid composition from the relative

intensity ratio of the signals and the valence band offset from the separation between the

peak energies of the signals.

lon Gun

Ar Gas

Photo-
electron

pm

Hemispherical
Electron Energy
Analyzer

fs i-lray

Sample

N
Exhaust (TMP)

Exhaust (TMP)

Fig ure 3.1 : Schematic dia gram of the XPS system.
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60 40 20 O
  Binding Energy (eV)

   The thickness of ZnSe is 30 A w hich makes it possible

    Let us explain how to extract the valence band offsets from the XPS profile. The ZnSe-

GaAs heterostructure possesses a type-I energy band alignment as schematically illustrated

in Fig. 3.3, where the core levels as well as the valence and conduction bands are shown.

Referring to Fig. 3,3, we find that the valence band offset AE. is determined by

            AE. = (E.G,aAS - E.GaAS) - (Egn,Se - E.ZnSe) - (E.G.aAS - Egnie), (3.1)

where EcL and E. denote the core level and the valence band maximum binding energies

for the indicated material, EcGLaAS - E.GaAS and Eg2Se - E.Z"Se are the known constants

measured in bulk standards and, therefore, the measurements of the core level energy

separation, EcGLaAS - Eg"LSe, by XPS lead to the determination of the valence band offsets.

In this study, as shown in Fig. 3.2, 3d core levels of Zn, Se, Ga, and As were detected at the

same time. Thus, four different separations may be used to obtain the valence band offset:

Ga 3d- Zn 3d, Ga 3d- Se 3d, Zn 3d- As 3d, and As 3d- Se 3d. Here, the valence band

offsets were extracted chiefly from the Ga 3d - Zn 3d separation and, for a compliment,

from the As 3d - Se 3d separation. Concerning Ga 3d and Zn 3d levels, EcGLaAS - E.GaAS

and EgnLSe - E.Z"Se are found in literatures to be 18.81 [10] and 8.90 eV [11], respectively.

In these Refs. [10] and [11], the core level energy position was defined to be the center of

the peak width at half of the peak height and this definition was followed in this study.
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Figure 3.3: Schematic energy band diagram of the ZnSe-GaAs heterostructure. E, is the
conduction band minimum binding energy, and other notations are explained in the text.
The junction is type-I and three quantities, that is, EcGLaAs - E.GaAs, EgnLSe - E.ZnSe, and

EcGLaAS - Eg2Se, are necessary to determine AEv.

    Here, possible errors included in the present experimental procedure are discussed.

First, errors derived from the XPS measurement itself are pointed out. The reproducibility

of binding energies by XPS measurements is O.1 eV in general. Therefore, the estimated

valence band offsets may also include an error of approximately O.1 eV. Also, if chemical

shifts at the interface occur, the valence band offset calculated from Eq. (3.1) apparently

changes. In this study, however, the contribution of chemicai shifts to the XPS spectra

seems to be minor and we neglected it. This is because quantitatively consistent results

were obtained from the Ga 3d - Zn 3d separation and the As 3d - Se 3d separation.

Furthermore, no change in the Zn, Se, Ga, and As 3d line shapes was observed for any

of the samples, which supports the above conclusion. It has been reported that chemical

                 'shifts were also small in ZnSe/GaAs heterostructures grown by MBE [12], implying that

chemical shifts do not appear explicitly in the ZnSe-GaAs material system.

    Another possible error in estimation of the valence band offset is caused by the material

system; strain due to the difference in the lattice parameters modifies the energy bands,

as is well known. Since ZnSe was grown on the GaAs substrates and the thickness of ZnSe

(3e - 50 A) is much thinner than the critical layer thickness of 1500 A [13], the ZnSe Iayer



44 Chapter 3. Control of ZnSe-on-GaAs Jnterface Properties

is strained to achieve pseudomorphic growth. The lattice parameter of ZnSe is 5.6686 A,

while that of GaAs is 5.6533 A at room temperature. Thus, the strain is compressive.

The effect of the compressive strain on the energy band of ZnSe was estimated with the

model-solid theory proposed by Van de Walle et al. [14, 15] (see Appendix for the detailed

calculation procedure). As a result, it was found that the compressive stain in ZnSe makes

the valence band offset smaller by 3.6 meV for heavy holes and larger by 10.5 meV for light

holes. However, these quantities are very small, compared with the variation of the valence

band offset shown Iater, and we neglected the influence of the strain on the measured

valence band offset.

    To obtain a deRth profile, the ZnSe layer thickness was reduced by Ar+ sputtering

in the XPS chamber. Figure 3.4 shows schematic views of photoelectron emission with

different thicknesses of ZnSe. The region detectable by the present XPS measurements is

about 45 A from the surface. Therefore, when ZnSe is thick [År rv30 A, Fig. 3.4(a)], Ga

and As 3d signals give information in the vicinity of the interface and Zn and Se 3d signals

show bulk properties of ZnSe. As the thickness of ZnSe is reduced [Fig. 3.4(b)], Ga and

As 3d signals begin to include the GaAs bulk properties and Zn and Se 3d signals indicate

the interface properties on the ZnSe side. The ZnSe thickness was estimated from the

Photoe1ectron

X-ray
  NN
   NN    NN     NN

(a)

N

N

N

N
N     NN     NN      SN

        NN
ZnSe

GaAs

(b)

Figure 3.4: Schematic views of photoelectron emission from ZnSe/GaAs heterostructures
with (a) thick and (b) thin ZnSe.
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attenuation of the Zn and Se 3d photoemission.

results and discussion

    The heterostructures were fabricated with variation of the amount of either DEZn

or DMSe for the GaAs surface treatment, It must be noted that the amount of DEZn

was adjusted by changing the duration rather than the fiow rate. If not, at a higher flow

rate, deposition of Zn takes place and the morphology of ZnSe becomes poor as shown in

Fig. 2.9.

    Figure 3.5 summarizes the integrated intensity ratios of the XPS signals originating

from the 3d core levels, Iz./Js. and JG./JA,, as a function of ZnSe thickness. This figure

corresponds to the depth profile as explained with Fig. 3.4, Both Izn/Jse and IGa/JAs were

normalized so as to exhibit unity in each bulk standard. Even in ZnSe and GaAs bulk

standards, the intensity ratios showed scattering of about 10% and, therefore, the empiri-
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    by the amount indicated in the figure at 4500C. Both Iz./Ise and

lized so that they exhibit unity in each bulk standard.
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cally deduced accuracy of this experiment is approximately 109o. From the figure, Iz./Is.

is found to stay at around unity, regardless of the GaAs surface treatments and the ZnSe

layer thicknesses. AIthough some scattering of data is observed, its distribution is random

and the degree of scattering is comparable to the experimental resolution. With respect to

IGa/IA,, that depends on the GaAs surface treatments. The Se-exposure does not influence

the composition of GaAs; IG./IA, remains unity at any ZnSe thickness. When GaAs is

exposed to DEZn, on the other hand, IG./JA, is higher for a larger thickness of ZnSe. Fur-

thermore, this characteristic becomes pronounced as the amount of DEZn increases. Since,

when ZnSe is thicker, the observed IG./IA, value includes more information regarding the

Ga and As atomic configuration at the ZnSe/GaAs interface, this behavior of IG./IA, indi-

cates that the local r61ative solid composition at the interface is Ga-rich. The cause for this

is considered as follows: The Zn-exposure to the GaAs surface brings about the formation

and evaporation of a volatile compound of Zn3As2 [16], leaving the surface Ga-rich. The

subsequent growth of ZnSe confines the surface Ga at the interface. The detailed interface

structure will be discussed later in Sec. 3.4.

    The Zn- or Se-exposure was carried out not only for the As-terminated GaAs (denoted

by As:GaAs) discussed above, but also for Ga-terminated GaAs (Ga:GaAs) which was

completed by supplying triethylgallium (TEGa) to the amount corresponding to 1 atomic

layer. The resultant interface compositions are shown in Fig. 3.6. Here, as the Ga/As

interface composition, we adopted the XPS intensity ratio of IG./IA, obtained from the

heterostructures with thick ZnSe (År 30 A), while for the Zn/Se interface composition,

Jz./Is. from thin ZnSe (Åq 15 A) was used. As deduced from Fig. 3.4, the compositions

estimated by this procedure well reflect the actual interfacial compositions. It is found

from the figure that the Zn/Se ratio is independent of the surface treatment and the surface

atoms of GaAs. In contrast, the Ga/As ratio increases as the duration of the Zn-exposure

increases, which was already pointed out in Fig. 3.5, and the difference due to the starting

surface atoms of GaAs is clearly observed. Namely, Ga:GaAs resulted in the more Ga-rich

interface than As:GaAs did under the same Zn-exposure duration,

    On the other hand, how do the formation processes of the interfaces stated above

infiuence the band offsets? Figure 3.7 shows the dependence of the valence band offsets

on the Zn- or Se-exposure duration, in which the atom terminating the GaAs surface is

a parameter. The valence band offsets were determined from the XPS spectra for the
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samples with ZnSe 20 - 30-A thick, bec.ause the thickness in this region can minimize the

influence of the chemical shift due to interfacial structures on the XPS signal, even if exists.

It is clearly seen that the valence band offsets become large as the Zn-exposure duration

increases and that this trend is pronounced with Ga:GaAs. The variation of the valence

band offsets between O.6 and 1.1 eV was achieved. It should be emphasized that this is the

first demonstration of the capability of artificially controlling the band offsets through the

interface engineering,

    An interesting fact emerges from a comparison between Figs. 3.6 and 3,7. Both the

Ga/As interface compositions and the valence band offsets increase as the Zn-exposure

duration and depen.d on the GaAs surface atoms, suggesting a strong relation between

them. Therefore, the valence band offsets were repotted as a function of the interface

composition of Ga/As. The results are shown in Fig. 3.8. Here, in addition to the Zn-

or Se-exposure of Ga:GaAs and As:GaAs, a new formation process of the interface, that

is, thermal etching of the GaAs surface in H2 at 6300C for 30 min, was examined and all

results are summarized. As expected, the correlation between the interface composition

and the valence band offsets is expressed by unique curve regardless of the procedures used

for the interface preparation. In this sense, it is essential for controlling the band offsets
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Figure 3,8: Estimated valence band offset as a function of the interface composition, Ga/As.

In addition to the Zn- or Se-exposure of Ga:GaAs and As:GaAs, thermal etching in H2 at
6300C for 30 min was examined and all results were summarized.
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to modify the interface composition, Ga/As, and the method of surface treatment itself is

not important.

                                  '
3.3.2 Heterojunctiondiodes

    In above section, the tunability of the band offsets was successfully demonstrated

using thin ZnSe (Åq N50 A) on GaAs. In this section, using n-ZnSe/p+-GaAs HD's, we

will confirm that the tunability of the band offsets is preserved in the following thick-layer

growth of ZnSe as well.

    The diffusion potential, VD, in a HD is generally a function of the band offset. VD of

an n-ZnSe/p+-GaAs HD is deduced from

                       eVD = EgZnSe -AE.-6G aAsm6znse, (3•2)

where e is the elementary charge, EgZ"Se is the band gap of ZnSe, AE. is the valence

band offset and 6G.A, and 6z.s, are the energy differences between the Fermi levels and

the valence band edge in p+-GaAs and the conduction band edge in n-ZnSe, respectively.

Thus, the tunability of the band offset should result in that of VD. The designed HD

structure is n+-ZnSe (1Å~10i9 cm-3) / n-ZnSe (1Å~10i7 cmH3) / p+-GaAs (2Å~10i9 cm-3),

as shown in Fig. 3.9. The p+-GaAs buffer layer was obtained by Zn-doping with DEZn as a

dopant. The n-ZnSe layer was grown at 4000C and doped with Ga using TEGa. The growth

temperature of 4000C was 500C }ower than in the previous experiments in order to promote

                                                  thickness

                      ln (pM)
                          n'-ZnSe contact layer o.1

n-ZnSe

-GaAs buffer layer

1.0

O.2

                            p'--GaAs substrate

                  AuZn

Figure 3.9: The HD structure used for the investigation of the tunability of the band offsets
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the incorporation of Ga, Thickness of the n-ZnSe region was 1 pam. The n+ conductivity

for the 500-A-thick ZnSe contact layer was achieved by I doping using ethyliodide, which

is incorporated into ZnSe much more easily than Ga. This layer was grown at 3500C under

photoassistance, and those conditions provided a carrier concentration of 2Å~10i9 cmm3.

Au/AuZn and In metal electrodes were formed on p+-GaAs and nÅÄ-ZnSe, respectively, by

vacuum deposition. Finally, mesa structures 1 mm in diameter were formed by conventional

photolithography and chemical etching. The etching solutioRs for ZnSe and GaAs were

[6 wt% K2Cr2 07 in H2 0] : H2S 04 == 4: 1 and H2S 04 : H2 02 : H20 = 5: 1: 1,

respectively.

    The local compositions at the ZnSe/GaAs heterointerfaces in HD's were controlled
                  k
by thermal etching (in H2, 6300C, 30 min), that is, the properties of HD's with interfaces

subjected to thermal etching or not are compared. Separate XPS experiments using ZnSe

thin films (tv40 A) grown at 4000C confirmed that the compositional ratio of Ga/As and

the valence band offset at the heterointerface with thermal etching were 2.0 and O.92 eV,

respectively, while those without thermal etching were 1.0 and O.63 eV, respectively. These

values agree reasonably well with the properties shown in Fig. 3.8, indicating that the lower

growth temperature of ZnSe did not influence the formation processes of the interfaces and

the interface structures remarkably.

    The current-voltage (I-V) and capacitance-voltage (C-V) characteristics of the HD's

measured at 300 K are shown in Fig. 3.10. The I-V curves [Fig. 3.10(a)] indicate clear rec-

tifying characteristics with turn-on voltages of O.30 and 1.01 V for the HD's with Ga/As =

2.0 and 1.0, respectively. Regarding the C-V measurements [Fig. 3.10(b)], the net donor

concentrations in ZnSe were derived from the 1/C2 plot to be 5Å~10i6 and 2Å~10i7 cm-3

for the HD's with Ga/As = 2.0 and 1.0, respectively, The energy differences, 6z.se, were

calculated using the net donor• concentrations as the carrier concentrations. Moreover, the

diffusion potentials were extracted by extrapolation of the 1/C2 plot into 1/C2 = O, which

gives the voltage, VD -2kBT/e (kB denotes the Boltzmann constant), Those were 1.50 and

1.95 V for the HD's with Ga/As = 2.0 and 1.0, respectively.

    Using the experimental results, the valence band offseVs were calculated from Eq. (3.2)

and summarized in Table 3.1. Here, the energy difference of 6G.A, was calculated based

on the designed carrier concentration value in GaAs. The valence band offsets estimated

from the C-V and XPS measurements agree well, but those from the J-V measUrements,
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Figure 3.10: (a) I-V and (b) C-V characteristics of n-ZnSe/p+-GaAs HD's measured at
300 K. The HD's have different interface compositions of Ga/As == 1.0 and 2,O.
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Table 3.1: Valence band offsets estimated from XPS, I-V, and C-V measurements. Ga/As
is the interface composition measured by XPS.

                                Valence band offset (eV)
                       Ga/As xps I.v C-V
                         2.0 O.92 2.31 1.15
                         1.0 O.63 1.64 O.75

which were calculated by substituting the turn-on voltage for the diffusion potential, are

larger than the former. This discrepancy may be attributed to the difference between the

turn-on voltage and dihe diffusion potential due to the existence of a tunneling current.

In fact, the temperature dependence of the J-V characteristics indicated that the carrier

transport in the HD's was dominated by the tunneling current. However, for three different

measurements, larger valence band offsets were consistently obtained for the HD with the

larger Ga/As, indicating that the tunability of the band offset is preserved in thick layers.

3.4 Interface Structures

    The tunability of the band offsets presented in Sec. 3.3 was based on the control of the

interface atomic compositions. In this section, in order to reveal the actual interface struc-

tures, the Zn, Se, Ga, and As distributions at and near the heterointerfaces are investigated

in the atomic scale by means of the x-ray CTR scattering measurement.

experimental details

    X-ray CTR is a rod (or a needle depending on the x-ray beam size) that appears around

a Bragg diffraction spot in the reciprocal space as shown in Fig. 3.11, where the co-ordinate

axes were defined as h, k, and t, CTR is caused by the abrupt truncation of a crystal at

the surface and finite penetration depth of the x-ray [17,18]. In Fig. 3.11, the crystalline

structure was assumed to be zinc-blende with the (001) surface, and consequently, the x-

ray CTR scattering is elongated in the [OOt] direction. The x-ray CTR measurement has

originally been developed for the assessment of surface structures. However, it has recently

been demonstrated that the x-ray CTR scattering with the x-ray interference effect is a very

powerful technique to reveal the Iayer structure, and even the crystal structure in the layer,
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Figure 3.11: X-ray CTR scattering in the reciprocal space. The crystalline structure was
assumed to be zinc-blende with the (OOI) surface

of heteroepitaxially grown samples in the atomic scale [19,20]. From this background, the

x-ray CTR measurement was applied for the investigation of the atomic configuration at

the ZnSe/GaAs interfaces.

    The schematic diagram of the rneasurement system is illustrated in Fig. 3.12. The

measurement was carried out at the beam line BL6A2 of the Photon Factory at Tsukuba

using synchrotron radiation from the 2,5 GeV storage ring. The Si02 bent mirror excluded

high frequency components of the x-ray and increased its intensity. The wavelength of

the x-ray was adjusted to 1.600 A by the triangular Si(111) monochromator. The CTR

spectrum extending from the O04 Bragg spot was recorded by the Weissenberg camera with

the imaging plate (IP) as a detector.

    To analyze the interface structures, a model structure as shown in Fig. 3,13 was created,

from which a theoretical CTR spectrum was generated using the kinematical theory [17, 18].

In the model, the parameters such as nz. (number of Zn ML's), ns, (number of Se ML's),

6z. (distribution distance of Zn into Ga sublattices), 6s, (distribution distance of Se into As

sublattices), 6G. (distribution distance of Ga into Zn sublattices), 6A, (distribution distance

of As into Se sublattices), xiz. (Zn composition at Zn/Ga interface), xis. (Se composition

at Se/As interface), xhz. (Zn composition in ZnSe layer), xhs, (Se composition in ZnSe

layer) were considered. The distribution functions were assumed to be expressed as, e.g.,
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: Schematic diagram of the measurement system of the x-ray CTR scattering.
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the interface. Central figure is the model layer structure with ZnSe on top of GaAs. Left
curve is the distribution of Zn and Ga, and the right curve is the distribution of As and

Se. The distribution curve was assumed to be the error function with distance from the
interface as a variable. The symbols are explained in the text.
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in the case of the Se distribution, xhs. : xis.{1-erf(n/6s.)}, where erf is the error function

and n is the number of ML from the interface, i.e., the distance from the interface in units

of ML. Other conventional parameters such as the surface roughness ÅqAz2År and the lattice

distortion were also considered as usual (see, for example, Ref. [20]). The values of these

parameters were obtained at the best fit of the theoretical curve to each of the experimental

spectra.

    The fitting was performed so as to minimize the following conventional R-factor,

                           R- Ik7 ;I.lll, 1iOg {e.g-iOg icl, (3 3)

where N is the number of measurement points, J, is the experimentally obtained scattering

intensity, and I. is the calculated intensity, In order to assess the influence of noise included

in the measurements on the R-factor, a standard sample (InP substrate) was measured and

its profile was fitted with calculation. As a result, R = O.O085 was obtained at the best fit,

which limits the accuracy of the present experiment. For ZnSe/GaAs heterostructures, a

1 ML (2.8 A) change in the ZnSe thickness around 50 A was calculated to alter the R-factor

by about O.025 (År O.O085). Therefore, a 1 ML difference may be detected.

results and discussion

    Figure 3.14 shows the measured (background subtracted) CTR spectra by solid circles.

The CTR scattering is elongated along the [OOI] direction in the reciprocal space as shown

in Fig. 3.11, and therefore, the index l is used at the horizontal axis in Fig, 3.14 [21],

The measurements were performed in the vicinity of the O04 diffraction spot (t == 4).

Each spectrum was shifted by two orders of magnitude for clarity and the bottom one

was plotted at the real intensity. Upper two spectra are from the samples grown with the

initial exposure of As:GaAs to Se for 15 and 60 s, and lower three spectra are from the

samples grown with the initial exposure of Ga:GaAs to Zn for 2, 30, and 60sbefore the

ZnSe growth. The Se-exposure duration of 60 s resulted in the three-dimensional growth

and was neg}ected in the previous section, but here, its CTR spectrum is shown for a

comparison. Clear difference between the Zn-initiated growth and the Se-initiated growth

is observed in both the lower and the higher index sides of the spectra, However, the

difference arisen from the duration is trivial as long as the precursor to which GaAs was

exposed is the same. Therefore, variation in the atomic distributions due to the duration
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Figure 3.14: CTR spectra of ZnSe/GaAs heterostructures taken in the vicinity of the O04
(l = 4) Bragg spot. For the detail of the index t, see the text. Upper two curves are for the

Se-initiated growth with the Se-exposure duration of 15 and 60 s, and lower three curves

are for the Zn-initiated growth with the Zn-exposure duration of 2, 30, and 60 s. Clear
differences are observed between the Se- and the Zn-initiated growth. Thin dotted lines
are the best fit theoretical curves.



will not be detected clearly with the present experimental resolution. The lack of data

around l = 4.03 in all spectra means that the diffraction intensities sharply drop toward

zero.

    In Fig. 3.14, the best fit curves to the spectra are also drawn with thin dotted lines,

Data around the Bragg peak (l = 4 Å} O.01) were not used for the fitting because the

intensity may be too strong for the kinematical theory. For the Zn-initiated growth, the

theoretical curves reasonably reproduce the experimental spectra. However, the best fit

curves for the Se-initiated growth exhibit discrepancy from the experiments. In case of the

Se-exposure duration of 15 s, the dip around t = 4.03 is not well expressed in the theoretical

curve. For the sample with the Se-exposure duration of 60 s, reproducibility of the sharp

drop aroundt= 4.03 is improved, but slight difference occurs at indexllower than 3,95.

The observed discrepancy suggests the presence of some imperfections such as vacancies,

anti-site defects, and interstitial atoms at the Se-initiated interfaces. As a first trial, Ga

vacancies were introduced in the model structure.

    Figure 3.15 shows the best fit curves to the upper two spectra in Fig. 3.14, i.e., of

the Se-initiated growth, calculated with the assumption of Ga vacancies. Compared with

Fig. 3.14, much better fitting near the dip and in the lower index region was achieved.

However, since the introduction of Ga vacancies into the model structure increases the
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Figure 3.15: The CTR spectra of the samples grown with the Se-exposure and the theo-
retical spectra calculated under the assumption of Ga vacancies in the model structure.
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number of the fitting parameters, it is quite diflicult to conclude that Ga vacancies are the

unique solution for explaining the observed CTR spectra. Indeed, the TEM observation

shown in Fig. 2.11 suggested that there was no interface structure which included only Ga

vacancies as a structural imperfection, Therefore, the conclusion we can make at this stage

is that the Se-initiated growth induces some imperfections at the interface, though their

structures remain controversial.

    The analyses of the CTR spectra provide the distributions of Zn, Ga, Se, and As

around the ZnSe/GaAs interfaces through the determination of the parameters in the model

structures. The results are illustrated in Fig. 3.16, in which the result for the Se-initiated

growth is tentative.because its model structure is under progress as mentioned above. Since

the distribution was changed by the duration negligibly, typical profiles for the Zn- and

Se-initiated growths were shown. For the Zn-initiated growth, the compositions of Zn and
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Figure 3.16: Distribution of the constituents around the interfaces formed with initial
exposure of GaAs to (a) Zn for 30s and (b) Se for 15 s.
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Ga at the II/III interface are O.5 and O.5, which means that no vacancies were induced

by this growth sequence. Furthermore, it is found that Zn and Ga distribute into several

ML's of GaAs and ZnSe, respectively, while As and Se distributions change abruptly at the

interface. This is quite interesting from the viewpoint of the formation of the electronic

dipoles; since the atom distributions induce the donating Ga-Se bonds in the ZnSe layer and

the accepting Zn-As bonds in the GaAs layer, dipoles pointing toward GaAs are supposed

to be formed very near the interfaces as a result of electron transfer from Ga-Se to Zn-As.

With those dipole moments, the electrostatic potential in GaAs is raised steeply within a

distance of a few ML's, which was observed as the enlarged valence band offsets (at most,

1.1 eV) in the XPS measurements. For the Se-initiated growth, on the other hand, the atom

distribution shown in Fig. 3.16(b) also implies the presence of spatially separated donor

and acceptor bonds, and the formation of electronic dipoles pointing toward GaAs. These

dipoles originate from the interfacial layer containing imperfections and, consequently, an

increase of the imperfections by longer Se-exposure duration seems to result in a larger

valence band offset. However, this band offset control based on the defective interface layer

is out of scope of this study and has not been discussed in the previous section conceming

xps.
    The depth profile of the XPS photoemission intensity ratio (Fig. 3.5) reflects the

distributions of the constituent atoms. Therefore, from the model structures shown in

Fig. 3.16, depth profiles of the normalized photoemission intensity ratios of Iz./Is, and

IG./IA, can be deduced, Here, those ratios are calculated by the layer-attenuation model

and are compared with the result of XPS. For this, the discussion was concentrated on

the Zn-initiated growth, because the model structure for the Se-initiated growth involves

uncertainty. By the layer-attenuation model, for example, the intensity ratio of Zn and Se

photoemission signa}s, iz./is., is expressed as

                           izn J2. :II)XhznA2m+i

                           Ji'gg, == IZgtl;.'2xhs.A2m' (3'4)

                                       m
where A = exp(-d/A) is the attenuation factor, d is the atomic layer spacing along the

[OOI] direction, A is the electron escape depth, I2. and IsO, are the emission intensities

from the Zn and Se monoatomic layers, respectively, and m is the number of molecular

layers from the surface. Since the ZnSe layer is coherently grown on GaAs, d is 1.422 A
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in ZnSe and 1.413 A in GaAs. The value of A, which was assumed to be common for all

3d photoelectrons, is 11 A [22]. This assumption is reasonable because the electron escape

depth is determined by the kinetic energy, which is almost the same for all photoelectrons

in this study. Taking into account the experimentally determined region detectable by

XPS of 45 A, the summation was performed for 17 molecular layers from the surface. The

normalized intensity ratio, Iz./Is., which was used in Fig. 3.5, was obtained by dividing

iz./is. with I2./JsO.. Figure 3.17 shows the calculated depth profile of the photoemission

intensity ratios (solid lines) as well as the experimental results of XPS (open circles). The

model structure for the sample grown with the Zn-exposure for 30 s [Fig. 3.16(a)] was used

as an example. Iz./Is. is almost constant regardless of the ZnSe thickness, while IG./IA,
                  s
increases with increasing the ZnSe thickness. It is found that the depth profile revealed by

XPS (open circles) is well reproduced by the layer-attenuation model based on the model

structure derived from the x-ray CTR measurement. This result strongly suggests that the
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Figure 3.17: Depth profile of the photoelectron intensity ratios. The used sample was grown
on Ga:GaAs with the Zn-exposure for 30 s. The solid lines were calculated by the layer-
attenuation model, using the model structure determined by the x-ray CTR measurement.
The open circles are the experimental results revealed by XPS.
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variation of the interface composition, Ga/As, observed in XPS (e.g. Fig. 3.8) indicates the

degree of the interdiffusion of Zn and Ga. When the interdiffusion is pronounced, which

corresponds to large Ga/As, the electronic dipoles are strong and the valence band offset

becomes large.

3.5 Electric Field at the Interface

    In the above sections, the tunability of the band offsets was discussed in terms of the

formation of the electronic dipoles, In this section, further evidence of their presence is

given by quantitatively measuring the intensity of electric fields induced by the electronic

dipoles .

experimental details

    Modulation spectroscopy is an important technique for study and characterization of

energy band structures of semiconductors. Among various modulation techniques, photore-

fiectance (PR) is of considerable interest because it yields spectra with sharp features at

the critical-point energies, it is a contactless measurement technique, it requires no special

mounting of samples, it can be performed in a variety of transparent ambients, and it is

sensitive to surface and interface electric fields. It is well known that at high electric fields,

Franz-Keldysh oscillation (FKO) appears in the PR spectra above the band gap energy.

The period of the oscillation, which can be extracted by FFT of the spectra, is directly

related to the electric field at the surface or interface [23-27]. Here, FFT-PR is applied

to the ZnSe-GaAs heterovalent heterointerfaces to evaluate the intensity of the interface

electric field.

    The experimental setup for the PR measurements is shown in Fig. 3.18. A modulation

light was provided by a 2-mW He-Ne laser. Its wavelength was 632.8 nm and, therefore,

excited only GaAs region at the interface, The chopped laser light was irradiated on to the

sample by a spot radius of approximately 1 mm. A 100-W tungsten larnp was dispersed

by a 20-cm monochromator and used as a probe light. The refiected probe light from the

sample was detected by a Si detector and the signal from the detector was fed to a lock-in

amplifier. The measurements were carried out at room temperature.
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results and discussion

    Figure 3.19 shows variation of the PR spectra due to the Zn-exposure duration and

the Se-exposure duration, in which dR and R denote an ac and a dc component of the

photorefiectance, respectively. Owing to the energy of the modulation light of the He-Ne

laser, the PR spectra inform about the characteristic features only in the GaAs region.

The samples are the same as those used in the x-ray CTR measurement; prior to the ZnSe

growth, Ga:GaAs was exposed to a Zn flux for 2, 15, and 60 s, while As:GaAs was exposed

to a Se flux for 15 and 60 s, The PR spectra for the Zn-exposed samples are shown in

Fig. 3.19(a) and those for the Se-exposed samples in Fig. 3.19(b), AII spectra exhibit a

long period of FKO above the band gap energy of GaAs [EEGaAS)]. The oscillatory behavior

in the energy (E) region higher than the band gap energy (E]g) is correlated with electric

field (F) by an electrooptic function, whose asymptotic form [28] can be written as

                    dR/RN ,., [g (Eh-oEg)3/2+g(.,-i)] , (3.s)

where (he)3 = e2h2F2/2pan, nd is the dimensionality of the critical point, and pali is the

reduced effective mass. Therefore, the observed FKO indicates the existence of high electric

fields at the heterointerfaces between ZnSe and GaAs.

    To extract the FKO periods and then the electric fields in the samples, which are

mutually related via Eq. (3.5), we transformed the horizontal variable in Fig. 3.19, E], to

E = (E - Eg)3/2 and performed the Fourier transform against the PR spectra at E År Eg
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to (a) Zn-exposure duration and (b) Se-exposure duration is shown.

as [29]

                       G(7)-f(dR/R) exp(-i2rE7)de. (3.6)

The fast Fourier transform method was applied for the calculation. The main peak position

(7o) evaluated from the Fourier transform is related to the electric field (F) by

                         7o =: (2/3T)(2pa")'/2(1/ehF), (3.7)

as is deduced from Eq. (3.5).

    Figure 3.20 shows G(r) transformed from the PR spectra (Fig. 3.19) as a function of

72/3, whose dimension is the inverse of energy. As can be seen, the transformed results

clearly exhibit a single peak due to FKO. The electric fields calculated from the peak
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              Figure 3.20: FFT results obtained from the PR spectra,

                                                          '
positions are also indicated in Fig. 3.20. Those are intense in the range of 100 - 150 kV/cm.

It was frequently reported that when the strength of the electric field was not uniform,

the electric fields estimated by FKO were Iower than the maximum electric field [23,301,

implying that the electric field derived from the FKO period is the average value [30].

Therefore, the maximum electric fields at the ZnSe/GaAs interfaces are considered to be

more intense than the estimated values.
                                          '
    It is quite interesting to compare the electric field derived from FFT-PR with the

valence band offset derived from XPS. The comparison as a function of the Zn- or Se-

exposure duration is shown in Fig. 3.21. It is clear from the figure that the electric field and

the band offset possess a strong correlation. However, if the valence band offset is controlled

only by the interface atomic configuration, it should be decreased monotonously from the
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left-hand side to the right-hand side of the figure, as deduced from Fig. 1.2, Thus, we need

to discuss the cause for the v-shape characteristic shown in Fig. 3.21. For the Zn-exposure,

the x-ray CTR measurements revealed that the interface was free from defects such as

vacancies and suggested the formation of the electronic dipoles. Furthermore, the behavior

of the valence band offset against the Zn-exposure duration agrees with the expectation.

Therefore, the observed variations of both the electric field and the valence band offset can

be attributed to the control of the interface atomic configuration, which is the basic idea of

this study. As for the Se-exposure, the valence band offset increases with the Se-exposure

duration, suggesting that the valence band offset is not determined only by the interface

atomic configuration and that other factors should be considered. Here, note that the

presence of imperfections was pointed out by the TEM observation [Fig. 2.11(b)] and the

x-ray CTR measurement (Sec. 3.4), and that, as mentioned previously, the surface of ZnSe

grown with the Se-exposure duration of 60 s was three-dimensional. These experimental

results suggest that a transition layer including imperfections is formed between ZnSe and

GaAs and changes the growth behavior. Furthermore, the x-ray CTR measurement implied

that the defective interface layer increased the valence band offset. Therefore, we consider

at present that the formation of the interface layer due to the Se-exposure causes the

increase in the electric field and the valence band offset.
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Figure 3.22: Correlation between the valence band offset and the electric field.

    In order to see the correlation between the valence band offset and the electric field

more explicitly, the former was plotted as a function of the latter in Fig. 3.22. In the figure,

all results of the Zn- and Se-initiated growth are shown. Almost linear dependence of the

valence band offset on the electric fieid strongly supports the assertion that the electric

field caused by the electronic dipoles determines the valence band offset. Also, this figure

indicates that how to form dipoles is not essential; concerning this study, the control of the

interface atomic configuration (Zn-initiated growth) and the introduction of the defective

interface Iayer (Se-initiated growth) brought the same results.

    We wish to emphasize that, for the Zn-exposure, the XPS, x-ray CTR, and FFT-PR

measurements have given the consistent results proving the tunability of the band offset

via the control of the interface atomic configuration. The results of those measurements

were schematically summarized in Fig. 3.23 using the band diagram. As a result of the

Zn-exposure, the donating Ga-Se bonds and the accepting Zn-As bonds are formed in ZnSe

and GaAs, respectively (x-ray CTR) . Electrons being originally at the Ga-Se bonds in ZnSe

transfer to the Zn-As bonds in GaAs and form electronic dipoles very near the interfaces,

which were measured as the intense electric field in FFT-PR. Since the interdiffusion of Zn

and Ga atoms revealed by the x-ray CTR measurement is within a few ML's, the band-

bending due to the dipoles is quite abrupt and was apparently measured by XPS as a
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change of the valence band offset,

3.6 Summary
    Tunability of the band offsets in ZnSe/GaAs(OOI) heterovalent heterostructures was

successfully achieved by controlling the local interface composition by means of Zn- or

Se-exposure, or thermal etching of the GaAs surfaces followed by ZnSe growth. In order

to elucidate the mechanism of the tunability, the interfaces were investigated s,tructurally

by x-ray CTR measurements and optically by FFT-PR measurements. As a result, it was

found that Zn and Ga atoms interdiffused to a few ML's to form electronic dipoles, and

that those dlpoles bent the energy band very abruptly at the interface. This sharp band-

bending, that is, strong electric field, due to the dipoles was closely related to the band

offset evaluated by XPS, indicating that the interface atomic configuration, which induces

electric fields, plays a crucial role in determining the interface properties,
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Chapter 4

of on

4.1 Introduction

    In chapter 2, the nucleation processes during metalorganic vapor phase epitaxy

(MOVPE) of ZnSe/GaAs were discussed, and the two-dimensional (2D) growth in the

atomic level was achieved. This, in turn, implies that the inverse growth of GaAs on ZnSe

(GaAs/ZnSe) is considerably more difficult than the growth of ZnSe/GaAs (see chapter

1 for the details). In the case of molecular beam epitaxy (MBE), actually, owing to the

low sticking coefl3cient of As molecules to ZnSe, GaAs grown on ZnSe is generally three-

dimensional (3D). To obtain 2D and high quality GaAs/ZnSe, several attempts have been

made [1-4]. Kobayashi et al. employed the combination of solid-phase epitaxy (SPE) and

migration-enhanced epitaxy (MEE) [1,2]. The GaAs growth was initiated with As4 ad-

sorption on ZnSe followed by deposition of 2 atomic layers of Ga at room temperature.

Successively, deposited Ga and As were crystallized to GaAs by SPE, on which GaAs was

grown by MEE at a relatively low temperature of 2500C. Farrell et al. examined the cor-

relation between interface structures and the growth behavior of GaAs MBE onto ZnSe

[3]. They pointed out that a ZnSe(100)c(2 Å~ 2)-Zn surface, which is terminated with 1/2

atomic layer of Zn, is optimized by a sequence of steps involving a predeposition of excess

Se and a low-temperature deposition of 1/2 atomic layer of Ga prior to the GaAs epitaxy.

Gas source MBE (GSMBE) using thermally pre-cracked AsH3 also required a complicated

procedure [4]. At the interface, Ga source metal was sequenced with a constant As2 flux at

a high V/III ratio of 12 and a low substrate temperature of 2500C. Then, after 6 monolayers

(ML, 1 ML = 2.8 A) deposition, the V/III ratio and the substrate temperature were varied

to 1 and 3500C, respectively, which are the typical conditions for the continuous growth of

71
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GaAs.

    On the other hand, MOVPE growth of GaAs/ZnSe has not been reported yet, although

the growth ambient considerably different from that of MBE may provide different growth

behavior. Therefore, in this chapter, the MOVPE growth of GaAs on ZnSe is investigated

in detail in an attempt to establish the growth procedure. For this purpose, first, the

effects of the source precursors for GaAs on ZnSe are studied. Then, the effects of growth

conditions, in particular the growth temperature (Tg) and the V/III ratio, on the growth

behavior in GaAs MOVPE on ZnSe are studied. It is found that either the 2D or 3D

growth mode occurs depending on the growth conditions and the mechanism behind it is

discussed. We demonfftrate that 2D GaAs can be grown on ZnSe at a constant growth

temperature without complicated procedures, unlike MBE,

4e2 Flow Sequence of GaAs
Interface

Source Precursors at the

    To optimize the fiow sequence of triethylgallium (TEGa) and tertiarybutylarsine

(TBAs) at the interfaces, TEGa or TBAs is separately supplied to the ZnSe surface at

450 - 5500C, and their behavior on it is investigated. For this experiment, unexpected

modification of the ZnSe surface morphology while the substrate temperature is descend-

ing without a fiow of the precursors must be avoided. Therefore, the thermal stability of

ZnSe was examined by annealing at 5500C for 30 min in an H2 or N2 ambient. Figure

4.1 shows the thermally etched thickness of ZnSe as a function of its growth temperature.

The etched thickness was estimated by measuring the ZnSe film thickness before and after

etching by e!lipsometry. It is found that ZnSe is etched with the help of H2 and that

the thermal stability is higher for ZnSe grown at. a higher temperature. For example, the

etching rates for ZnSe grown at 450 and 5500C were estimated to be 9.0 and 4.4 A/min

in H2, respectively. Taking this result into account, the underlying ZnSe in this section

was grown at 5500C with the thickness of 700 - 800 A. Referring to chapter 2, the growth

temperature of 5500C for ZnSe seems to be too high in terms of surface flatness, although,

here, the thermal stability was given a first priority.
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Figure 4.1: Etched thickness of ZnSe by annealing at 5500C for 30 min

ambient.

in an H2 or N2

4.2.1 Ga precursor

    First, ZnSe was exposed to TEGa at 5500C for 4 min. Figure 4.2 compares surface

morphologies of ZnSe before and after the TEGa-exposure. A Nomarski microscope was

used for the observation. As-grown ZnSe possessed a mirror like surface, while the surface

became three-dimensional after the TEGa-exposure. Since TEGa decomposes completely

into Ga metal above 3500C [5], it is reasonable to consider that metal Ga deposited on

ZnSe, The presence of Ga on ZnSe was confirmed by surface analysis by means of Auger

electron spectroscopy. When the temperature at which ZnSe is exposed to TEGa was

lowered to 4500C, the surface was improved but still three-dimensional. As deduced from

the decomposition temperature of TEGa (3500C), the deposition of Ga could result even

by the TEGa-exposure at 4500C. From those results, it is considered that the 3D surface is

indicative of active migration of metal Ga on the ZnSe surfaces, and that the improvement

of surface roughness by a lower tempeyature is due to suppression of the migration.
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Figure 4.2: Surface morphologies of ZnSe; (a) as-grown and (b) after the TEGa-exposure
                 Lat 5500C for 4 min. Marker represents 50 pam.

4.2.2 As precursor

experimental results

   In a TBAs ambient, on the other hand, it was found that ZnSe was drastically etched

compared with "pure" thermal etching mentioned above (Fig. 4.1). The etched thickness

of ZnSe after annealing at 5500C under a flow rate of TBAs ([TBAs]) of 20 pamol/min

is plotted in Fig. 4,3. The etched thickness increases as the annealing duration, from

which the etching rate was estimated to be about 150 A/min. On the other hand, when

the annealing temperature (T.) was decreased to 3000C, ZnSe was hardly etched. Some

products generated by a reaction between ZnSe and TBAs seem to govern the etching

propertles.

   The relation between the etching rate and the TBAs partial pressure (PTBA,) was

estimated at a constant annealing temperature of 5500C. The result is indicated in Fig. 4.4.

From the slope of the straight line, the etching rate turned out to be proportional to the

0.56`h power of PTBA,, which means that the stoichiometric coeflicient of TBAs in the

reaction with ZnSe is O.56. Using this quantity, the reaction mechanism will be discussed

later.

   Figure 4.5 shows the Arrhenius plot of the etching rate, where [TBAs] was

20 pamol/min. Since TBAs decomposes completely in the temperature region investigated

here [6,7], the Arrhenius plot does not reflect the pyrolysis of TBAs but does reactions

related to the etching of ZnSe. This figure exhibits that the etching of ZnSe by TBAs is a
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Figure 4.5: Arrhenius plot ofthe etching rate under [TBAs] = 20 pamol/min. The activation
energy (EA) was calculated to be 1.9 eV from the slope.

first order reaction. The activation energy (E]A) given by the slope was 1,9 eV.

    Typical surface morphology of the ZnSe layer etched by TBAs is indicated in Fig. 4.6.

The annealing temperature, the flow rate of TBAs, and the etched thickness for the sample

are 5500C, 20 pamol/min, and 470 A, respectively. The surface became rough after etching

compared with the as-grown ZnSe surface shown in Fig. 4.2(a), Regardless of the annealing

conditions, the surfaces tend to be rough after etching.

discussion

    The surface morphology shown in Fig. 4,6 indicates that the etching mechanism in not

congruent desorption of Zn and Se. Therefore, desorption of Zn and Se must be considered

separately.

    Concerning the desorption of Zn, one of the most plausible reactions is formation

and evaporation of Zn3As2. Etching of GaAs using dimethylzinc as an etchant has been

reported and generation of Zn3As2 on the GaAs surface has been proposed as the etching

mechanism [8]. Similarly, when TBAs is passed over ZnSe, Zn3As2 may be synthesized

through a surface reaction between TBAs and the surface Zn atoms. Since Zn3As2 is a

volatile compound rapidly desorbing above 3600C [9], the formation of Zn3As2 at 5500C
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Figure 4.6: Surface morphology of ZnSe after annealing in a TBAs ambient. T., [TBAs],
and the etched thickness are 5500C, 20 pamol/min and 470 A, respectively. Marker repre-

sents 50 pam.

is immediately followed by evaporation, resulting in the Se-terminated ZnSe surface. This

reaction is expressed as

                            21                     ZnSe+sTBAs-gZn3As2+Se+R, (4.1)

where R represents hydrocarbon and hydrogen molecules, though has not been identified

yet. The stoichiometric coefficient of TBAs in the reaction (4.1) is 2/3 and this value is

very close to the slope of O.56 in Fig. 4.4. This implies that the stoichiometric coeflicient

of TBAs in a reaction with surface Se is also about 2/3. This is because Fig. 4.4 illustrates

the macroscopic etching properties concerning TBAs reacting with both Zn and Se, and

consequently, the slope in Fig. 4.4 must be average of the stoichiometric coeflicient of TBAs

in each reaction.

    For discussing the Se desorption, the results of the next chapter are necessary. Brief

summaries are as follows: (1) the desorption rate of Se from ZnSe in an H2 ambient is

faster than in a TBAs ambient, and (2) the dependence of the etching rate of ZnSe on

the annealing temperature shown in Fig. 4.5 is caused by the Se desorption, not by the

Zn desorption, The result (1) rules out H2Se gas as a reaction product responsible for the

etching with TBAs; since, in addition to the carrier gas, H2 which is provided through the

TBAs pyrolysis [7] may also contribute to the formation of H2Se gas, the presence of TBAs

could increase the etching rate. Therefore, at present, we consider that a reaction between

Se and As forms an As.Sei". compound [10,11] and that its formation and evaporation
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properties determine the ZnSe etching properties such as the activation energy of 1.9 eV

observed in Fig. 4.5.

4.2.3 Surface morphology of GaAs on ZnSe

    The above experimental results suggest that the ZnSe surface before the GaAs growth

should not be exposed to TEGa or TBAs alone for a long time. Within this limit, in this

section, GaAs is grown on ZnSe by varying the flow sequence at the interface and their

structural properties are compared,

    The growth temperature of GaAs was 5000C because growth temperatures above 5500C

make the surface of GaAs three-dimensional, as will be presented later, and make the

comparison diflicult. Figure 4.7 shows the surface morphologies of GaAs grown on ZnSe

with the initial exposure of ZnSe to (a) TEGa and (b) TBAs. The remainder of the source

precursors, that is, TBAs for (a) and TEGa for (b), was supplied just 2s later. The

thicknesses of GaAs and ZnSe are 175 A and 225 A, respectively, and therefore, the layers

maintain fu11 coherence. It can be seen that, when the GaAs growth was started with TBAs

[Fig. 4.7(b)], the GaAs surface is featureless, whereas, when GaAs was grown in the reverse

sequence [Fig. 4.7(a)] , fine structures appear on the surface, Their crystalline qualities were

assessed by the double crystal x-ray diffraction (XRD), using Cu Kcti (1.5405 A) radiation

as an x-ray source. The measurements were performed with the locking mode in the vicinity

of the GaAs O04 diffraction. The results are shown in Fig. 4.8 along with the theoretical

J,1gkl'.../

, ./. N.

Figure 4.7: Surface morphologies of GaAs grown on ZnSe. The GaAs growth was initiated
by (a) TEGa and (b) TBAs and the rest of the precursors was supplied 2slater. Marker
represents 50 pam.
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Figure 4.8: Double crystal XRD patterns (locking curves)

previous figure: (a) TEGa and (b) TBAs initiated growth.
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of the same samples used in the

calculation based on the kinematical theory. The profile (b), where TBAs initiated the

GaAs growth, agrees quite well with the theoretical simulation. On the other hand, it is

found in the profile (a), where TEGa initiated the GaAs growth, that interference of x-ray

diffracted by the GaAs and ZnSe layers becomes weak as seen around Ae == -1000 and

300 arcsec, and that the full width at half maximum (FWHM) of the main peak broadens

by 40 arcsec. The GaAs surface tended to be rough by the TEGa initiation, as shown in

Fig. 4.7(a). rl"herefore, the observed degradation of the XRD profile is probably due to the

interface roughness and/or undulation of the GaAs surface caused by the Ga migration

on the ZnSe surface rather than due to the poor crystalline quality. The broadening of

FWHM by 40 arcsec is equivalent to a thickness fiuctuation of 35 A.

    On the

hereafter, is

basis of the experimental results in this section, the GaAs growth on ZnSe,

initiated with TBAs followed by rliEGa to achieve good structural properties.
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4.3 Growth Mechanism of GaAs on ZnSe

    For fabricating structurally well-defined ZnSe-GaAs multilayered heterostructures, it

is crucially important to understand the growth mechanism of GaAs on ZnSe comprehen-

sively. In this section, the growth behavior of GaAs on ZnSe is discussed.

4.3.1 Growth mode

    GaAs was grown on ZnSe under various growth conditions in order to reveal the growth

modes and discuss its origin. The designed structure is illustrated in Fig. 4.9, wherein we

can investigate the gr6wth behavior of GaAs heteroepitaxy on ZnSe, ZnSe heteroepitaxy

on GaAs, and GaAs homoepitaxy through observation of cross-sectional views of layers A,

B, and C, respectively. AII samples were confirmed by XRD to grow coherently against the

GaAs substrate.

    The effect of the growth temperatures for both ZnSe and GaAs on the surface morphoi-

ogy was investigated using a Nomarski microscope. The results are shown in Fig. 4,10. It is

clearly seen that, regardless of the growth temperature of ZnSe, GaAs cannot be grown at

5500C without degrading surface morphology. On the other hand, the GaAs layers grown

below 5000C on the ZnSe layers grown at 450 or 5000C exhibit mirror like surfaces. In the

ZnSe

buffer

GaAs substrate

A, 2oo-12ooA

B, 2oo-4soA

C, 200-5000A

Figure 4.9: Schematic diagram of the designed GaAs-on-ZnSe heterostructure. The ex-
pected dimensions are 200 - 1200 A for GaAs, 200 - 450 A for ZnSe, and 200 - 5000 A for

the GaAs buffer layer.
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Figure 4.10: Surface morphology of GaAs
ZnSe and GaAs growth temperatures.

(1200 A) / ZnSe (4so A) fabricated at varlous

case of homoepitaxy, the surface morphology of GaAs grown at 5500C was much superior

to those grown at 450 - 5000C. Taking this fact into account, we can conclude that the

degradation observed in the heteroepitaxy originates from the interface between GaAs and

ZnSe. There are two possible interpretations for this phenomenon; (1) the growth mode of

GaAs on ZnSe at 5500C is three-dimensional, and (2) Se evaporation during the exposure

of ZnSe to 5500C roughens the surface of ZnSe already before the GaAs growth, which may

happen owing to the high vapor pressure of group VI elements. To clarify which is respon-

sible for the experimental results in Fig. 4.10, ZnSe was grown at 4500C, and subsequently,

exposed to 5500C under a TBAs flux for 6 s, The ZnSe surface morphology before and after

exposed to 5500C was compared by atomic force microscope (AFM), but no appreciative

difference was detected, indicating that the interpretation (2) mentioned above does not

fit in with the present experiments. Namely, the growth temperature of GaAs is essential
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to determine the growth mode of GaAs. In the following discussions, therefore, the growth

temperature for ZnSe, which hardly influences the GaAs growth mode, is adjusted to be

the same as that of GaAs to facilitate the growth procedures.

    In order to ensure the above results, a different series of samples was grown at 450, 500,

and 5500C without changing the gas flow ratio of V/III == 5, and their cross sections were

observed by transmission electron microscope (TEM). Figure 4.11 shows TEM bright field

images of the (110) cross sections of the samples, where the two beam condition with g =

O02 was adopted to clarify the interfaces. These images clearly indicate that the growth

mode of the GaAs buffer layers on the GaAs substrates (homoepitaxy) is two-dimensional

within the experimental resolution at any growth temperatures examined here. The ZnSe
                  s
layers grown on GaAs are also uniform in thickness at all temperatures. In contrast,

although GaAs grown on ZnSe below 5000C is two-dimensional, that grown at 5500C is

highly three-dimensional, which is consistent with the Nomarski microscope observations

shown in Fig. 4,10. These findings indicate that the growth behavior of GaAs on ZnSe

is quite different from that of the reverse sequence of ZnSe on GaAs and that of GaAs

homoepitaxy.

    For the elucidation of the reason for this growth behavior, it was attempted to grow

the same structures as shown in Fig. 4.9 at 5500C, varying the V/III ratio from 2 to 10.

Since the flow rate of TEGa was unchanged, the variation of the V/III ratio means the flow

rate variation of TBAs. Cross-sectional TEM bright field images are shown in Fig. 4.12.

They reveal that as the V/III ratio increases, i.e., as [TBAs] increases, GaAs becomes flat,

whereas as the V/III ratio decreases, GaAs exhibits 3D island-type growth, in which the

formed islands tend to separate from each other.

    Figure 4.13 shows variation of the GaAs island height as a function of the V/III ratio.

The island height was measured from cross-sectional TEM images taken at severa} different

positions on the samples, and for the flat layers grown at 450 or 5000C, that refers to the

layer thickness, For GaAs grown at 5500C, as the V/III ratio increases, GaAs shows a

stronger tendency of 2D growth as seen in Fig. 4.12, and correspondingly, the island height

decreases. At high V/III ratios, the island height approaches the thickness of the flat layers.

This result strongly suggests that the mechanism behind the formation of the GaAs islands

on ZnSe, that is, the 3D growth of GaAs on ZnSe, is mainly related not to desorption but

to migration. This is because if desorption were the main cause of the island formation,
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Figure 4.11: TEM bright field images of the (110) cross sections of GaAs (200 A) / ZnSe

(200 A) heterostructures grown at various temperatures. The V/III ratio was fixed at 5.0.
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Figure 4.12: TEM bright field images of the (110) cross sections of GaAs (200 A) / ZnSe

(200 A) heterostructures grown under various V/III ratios. The growth temperature was

kept constant at 5500C.
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Figure 4.13: Dependence of the GaAs island height on the V/III ratio.

the island height would decrease with decrease of the V/III ratio.

    To confirm this assertion, ZnSe-GaAs multilayered structures were grown at 500 and

5500C without changing the duration of supplying source precursors. Since the growth

rates for both ZnSe and GaAs are independent of growth temperatures above 5000C, the

nominal mean thickness of 3D GaAs grown at 5500C must be equal to the thickness of 2D

GaAs grown at 5000C unless desorption occurs. XRD analysis of multilayered structures

was applied for the evaluation of the mean thickness; the XRD pattern has a fundamental

peak at the angular position determined by the thickness ratio of a set of the alternating

layers, from which the mean thickness can be estimated. Figure 4.14 shows the double-

crystal XRD patterns of the multilayered structures grown at 500 and 5500C. Those were

obtained in the vicinity of the GaAs O04 Bragg angle. rl"he designed structure is two periods

of GaAs (200 A) / ZnSe (250 A). The XRD profile of the multilayer grown at 5000C has

satellite peaks which are denoted by the closed arrows in the figure, indicating the good

periodicity. On the other hand, satellite peaks disappeared in the profile of the multilayer

grown at 5500C. This is due te the breakdown of the periodicity by 3D growth of GaAs at

5500C. However, since the fundamental peaks (open arrow) of both multilayers are located

at the same angle, we can conclude that the mean thickness of 3D GaAs is equal to the

layer thickness of 2D GaAs. This finding provides the evidence for the above assertion that
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Figure 4.14: Double-crystal XRD patterns of GaAs (200 A) / ZnSe (250 A) Å~ 2 multilayered

structures grown at 500 and 5500C. The symbol U designates the fundamental peak and l
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migration, not desorption, causes the formation of the GaAs 3D islands.

    Generally, in heteroepitaxy of dissimilar materials, the surface diffusion coeMcient

of adspecies is crucial to determine the growth mode. Lower growth temperatures wili

mean smaller, or perhaps even negligible, diffusion coefficients, and will therefore promote

2D growth [12]. A high density of adspecies may also bring about the 2D growth mode,

because it inhibits migration and reduces epilayer surface roughness. These tendencies

agree quite well with our results shown in Figs. 4.11 and 4.12. The problem is what

the migrating species are. We investigated the effects of TEGa and TBAs on the ZnSe

surface in Sec. 4.2. When ZnSe was annealed in a TBAs ambient, ZnSe was drastically

etched, for example, at the rate of 150 A/min under the conditions of T. = 5500C and

[TBAs] = 20 psmol/min, whereas ZnSe was not appreciably etched thermally. Therefore,

As-containing molecules, which are generated through the decomposition of TBAs, are not

the cause of island formation, because an As-related process includes a desorption process.

On the other hand, when ZnSe was exposed to TEGa, the ZnSe surface became rough due
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to the nucleation of adsorbed Ga, indicating that metallic Ga may easily migrate on ZnSe.

These results suggest that the Ga atoms and/or Ga-related molecules are the migrating

species, which bring the 3D growth of GaAs.

    Here, differences in the growth mode of GaAs on ZnSe in MBE and in MOVPE are

discussed. In the case of MBE, the growth temperature for GaAs must be lowered as

described in Sec. 4,1, while the pres'ent results indicate that, in MOVPE, GaAs can be

grown two-dimensionally on ZnSe without changing the growth temperature. Possible

factors responsible for this difference are the growth ambient, the Ga precursors, and the

As precursors. Hydrogen used in MOVPE may terminate the surface atoms of ZnSe and

may alter the growth behavior. However, since the hydrogen termination will enhance the

migration of Ga-related adspecies by decreasing the number of dangling bonds appearing

at the surface, the growth becomes three-dimensional rather in MOVPE than in MBE,

which does not agree with the experimental results. With respect to the Ga precursors,

the metalorganic source of TEGa is decomposed into Ga metal .completely in the growth

temperature region investigated here [5], and therefore, there is no difference between MBE

and MOVPE. From the above, we attribute, at present, the difference observed between

MBE and MOVPE to the As precursors. The As species being provided during MBE

and GSMBE have been reported to be As4 and As2 molecules, respectively [1,4], On the

other hand, TBAs decomposes into AsH and AsH3 with generating C4Hio and C4Hs [6, 7].

Note that As in the As-As bonds is neutral, and that As in the As-H bonds is negatively

polarized, owing to the greater electron affinity for As than for H. Since the cation atoms

making bonds with As are positively polarized at the sample surface, the reaction with

negatively polarized As might take place more easily than with neutral As. This coulomb

potential causes the higher reactivity of GaAs on ZnSe in MOVPE and, correspondingly,

leads to the 2D growth.

4.3.2 Initial growth rate

    In heteroepitaxy, the initial growth rate is often different from the growth rate of the

thick layer (quasi-homoepitaxy). In order to estimate the initial growth rate, multilayered

structures consisting of thin ZnSe and GaAs layers were fabricated at 450 and 5000C, which

realize the 2D growth of GaAs as demonstrated in the previous section. The layer thickness

of each constituent was estimated by double-crystal XRD analysis and TEM observation.



88 Chapter 4. MOVPE Growth of GaAs on ZnSe

Ac)•c(

vco
co
o=xozF

•is

$
6vae

g
E
g
e

200

1OO

o

4

2

o

(a)

o=:Tg=4soocA
A-:Tg=soooc

o
oA:XRD
1:TEM

(b)

o  20 40 60 80
Growth Time (sec )

Figure 4.15: (a) Layer thickness and (b) growth rate of GaAs on ZnSe as a function of the

growth time. The growth rate was derived from differential of the thickness by the growth
time. The arrow indicates the growth rate calculated from a thick GaAs layer.

Figure 4.15(a) shows the GaAs layer thickness as a function of the growth time. The results

obtained by the XRD and TEM observation are on the identical curve, providing validity

of the method to estimate the thickness. The thickness differentiated by the growth time

gives the growth rate and its variation due to the growth time is shown in Fig, 4.15(b). As

can be seen, the growth rate at the beginning is approximately O.2 A/s, and as the growth

continues, it increases and saturates at the growth rate calculated from a thick GaAs layer

(3.5 A/s) which is indicated by the arrow, The slower growth rate at an early growth stage

means the low sticking probability of Ga to ZnSe because Ga determines the growth rate

of GaAs under the present growth conditions. This is consistent with the tendency of the

observed growth mode; since the low sticking probability of Ga enhances migration of Ga,

GaAs on ZnSe tends to exhibit 3D growth, corr}pared with GaAs homoepitaxy, Although

the initial growth rate should essentially depend on the growth temperature, owing to the
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temperature dependence of the sticking probability, that is not observed experimentally in

Fig. 4.15. The variation of the initial growth rate due to the growth temperature was likely

to be within the experimental resolution.

4.4 Nucleation Processes of GaAs on ZnSe

    In Sec. 4.3, it has been revealed that either the 2D or 3D growth mode occurs de-

pending mainly on the growth temperature. In this section, the nucleation processes in

each growth mode are investigated in more detail by means of AFM. To observe the nu-

cleation processes clear!y, the ZnSe surface before the growth of GaAs was prepared to

consist of atomically fiat terraces, islands 1-ML high, and 1 ML steps derived from the

unintentional misorientation of the substrate. The procedure for obtaining the atomically

flat ZnSe surface was described in chapter 2.

4.4.1 Two-dimensionalgrowth

    GaAs 40-A thick was grown on the atomically fiat ZnSe at 400 and 4500C. It has al-

ready been described in Sec. 4.3 that the growth temperature of 4500C brings the 2D growth

mode. Here, the growth temperature of 4000C as well was examined for the cornparison.

Figure 4.16 shows AFM images of GaAs grown at (a) 400 and (b) 4500C. Magnified images

of (a) and (b) are also shown in (c) and (d), respectively. We emphasize that the height,

which was estimated from height profiles revealed by AFM, of all structures observed in

Fig. 4.16 such as steps and islands is 1 ML. In Fig. 4.16, the region with brighter contrast

is higher by 1 ML and that with the same contrast is atomically flat: For exarnple, four

different contrasts can be seen in Fig, 4.16(a) or (b), which means that the difference in

height between the regions with the brightest and the darkest contrast is 3 ML's.

    From a rough inspection of Figs. 4.16(a) and (b), it is found that the growth tem-

peratures basically do not change the surface structures in the order of a few hundred of

nanometers. The height of all structures is 1 ML as was mentioned, and 1 ML steps, which

are pointed by arrowheads in the figures, are clearly seen on both samples, indicating that

the growth of GaAs on ZnSe at 400 and 4500C is in the 2D growth mode in the atomic

level. The surface morphology of ZnSe shown in chapter 2 is similar to Figs. 4,16(a) and

(b), and furthermore it has been confirmed by AFM observations of thinner GaAs that the
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Figure 4.16: AFM images of 40-A-thick GaAs grown on ZnSe at (a) 400 and (b) 4500C.

Magnified images of (a) and (b) are also shown in (c) and (d), respectively. Indicated by

arrowheads are 1 ML steps derived from the unintentional misorientation of the substrates.
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2D growth of GaAs on ZnSe occurred at very early stages of the growth. These experi-

mental results indicate that the 2D growth of GaAs preserves surface structural features

of the underlying ZnSe layers to the surface of GaAs, and that the interface between GaAs

and ZnSe is quite abrupt.

    On the other hand, the detailed observations revealed differences due to the growth

temperatures. On the surface of GaAs grown at 4000C, there are a significant number

of 2D nuclei as shown in Fig. 4.16(c). The dimensions of the 2D island were typically

30 nm in the [110] direction and 10 nm in the [110] direction. The surface roughness

determined from an AFM height profile was Å}1 ML, indicating that the growth was in

the multinucleation mode where 2D nucleation occurs before the underlying 2D nuclei

complete 1 ML growth, Regarding GaAs grown at 4500C, 2D islands are still observable,

though the higher growth temperature brought the lower density and the greater dimensions

of the islands; typically 50 nm in the [110] direction and 20 nm in the [110] direction.

Consequently, the growth mode approached from the multinucleation mode to the Iayer-by-

layer mode. These tendency can be interpreted well in terms of enhancement of migration

of adatoms at the higher temperature.

    For the comparison, GaAs homoepitaxy was performed at 400 and 4500C, The surface

structures were quite similar to those of GaAs grown on ZnSe. The direction in which

the 2D islands were elongated was [110] in the homoepitaxy as well [13]. Therefore, it is

reasonable to conclude that GaAs grown on ZnSe at 400 or 4500C possesses the structural

properties equivalent to those of homoepitaxial layers.

4.4.2 Three-dimensionalgrowth

    To discuss the nucleation processes during the 3D growth, GaAs with various equiva-

lent thickness was grown at 5500C. In the case of homoepitaxy, the growth rate of GaAs is

constant in the growth temperature range of 450 - 7000C. Hence, the "equivalent" thick-

ness, i.e., deposition quantity, of GaAs on ZnSe can be estimated using the relationship

between the growth time and the layer thickness elucidated for the growth temperatures

of 450 and 5000C, which is already shown in Fig. 4.15. Since the layer thickness is not

proportional to the growth time, the estimated equivalent thickness will appear in the text

together with the growth time for reference.

    Figure 4.17 shows AFM images and schematic views, deduced from the images, of



92 Chapter 4 MOVPE Growth of GaAs on ZnSe
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Figure 4.17 AFM images and schematic views of GaAs grown on ZnSe.
thicknesses are (a) 1, (b) 3, and (c) 24 ML's

Equivalent growth

GaAs grown on ZnSe at 5500C. In Fig 4 17, the equivalent thicknesses of GaAs are (a) 1

(growth time 3s), (b) 3 (6 s), and (c) 24 ML's (24 s) The V/III ratio was set at two so

as to promote the 3D growth (see Fig 412) As shown in Fig 417(a), the 3D growth of

GaAs is observed even at the very beginning of the heteroepitaxy, and therefore, the growth

mode is classified as the Volmer-Weber mode The total volume of the GaAs 3D islands in

Fig 4 17(a) was evaluated and turned out to correspond to the average thickness of 3 8 A,

which was close to 1 ML This finding supports the conclusion that the growth mode is the

Volmer-Weber mode. It is worth notmg that in order to grow 1 ML GaAs on ZnSe, the

amount of the supplied source precursors must be nearly equal to that for 3 ML's growth in

homoepitaxy. This implies that the sticking coefficient for Ga to ZnSe is at least three times

as low as that to GaAs Owmg to the low sticking coeffLcient, Ga adatoms can migrate on

ZnSe relatively freely and coalesce with each other frequently (some of them will desorb

from the ZnSe surface, while migrating) Coalescence often brings about the formation of
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a 2D nucleus, However, when the sticking coeflicient between adatoms and the underlying

layer is low, 3D nucleation can occur more easily than 2D nucleation because deposition on

itself (3D nucleus) is more stable than that on a foreign material (2D nucleus). Concerning

the present material combination, the GaAs-on-GaAs structure (3D nucleus) is supposed

to be preferable to the GaAs-on-ZnSe structure (2D nucleus). On the other hand, the role

of a higher growth temperature is to decrease the sticking coefficient further and to enhance

migration, by which the possibility of coalescence of adatoms is increased. Because of those

factors, i.e., the low sticking coefl3cient and the high possibility of coalescence, 3D GaAs

islands rather than 2D is!ands are formed on ZnSe at 5500C. The low sticking probability

of Ga to ZnSe has already been pointed out in Fig. 4.15 using 2D GaAs grown at 450 and

5000C. Therefore, the occurrence of the 3D growth at the higher growth temperature of

5500C is quite natural.

    As the growth proceeded, anisotropy in the 3D island shape became pronounced

[Figs. 4.17(b) and 4.17(c)]. The islands are elongated in the [1101 direction. From Fig. 4.17,

the [110], [liO] and vertical growth rates were estimated to be 80, 20, and 10 A/s, re-

spectively. The [110] growth rate is slightly overestimated because the infiuence of the

coalescence of islands in the corresponding direction was neglected. However, it is evident

that the [110] growth rate is much faster than the [110] and the vertical growth rates. This

indicates that migrating Ga adatoms on the ZnSe surface are preferably incorporated into

the GaAs 3D islands from the [110] direction,

    In GaAs homoepitaxy, diffusion anisotropy due to surface reconstructions often causes

anisotropic lateral growth; GaAs islands in MOVPE and in MBE are elongated in the

[1101 direction [13,14] and in the [110] direction [15], respectively, and this difference is

ascribed to the different surface reconstructions, During MBE, the (2Å~4) reconstruction,

on which As dimers are in the [IIO] direction, appears, while during MOVPE, (4Å~4),

on which As dimers are in the [110] direction, coexists [16]. Note that the direction of

the island elongation agrees with the dimer direction, On the other hand, the primary

reconstruction of the ZnSe surface which is observed during MBE growth under Se-rich

conditions is (2Å~1), There is no other reconstruction for the Se-terminated surface, and

the (2Å~1) reconstruction seems to appear also during MOVPE growth [17]. However, this

surface possesses Se dimers along [110] and this orientation differs by 900 from the direction

of the island elongation. Therefore, we consider that the ZnSe surface structure does not
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influence the diffusion of Ga adatoms on it. This conclusion is reasonable because the

interaction between Ga adatoms and ZnSe is quite weak as described above, which may

lead to small anisotropy in diffusion.

    Accordingly, in order to explain the anisotropic lateral growth of GaAs on ZnSe, the

bond configuration should be considered. The indices of the planes which construct the

GaAs islands on ZnSe have not been identified. However, since any planes parallel to [110]

([110]) consist of [110] ([110]) steps, it will be enough to take into account the incorporation

of adatoms to [110] and [110] steps. A Ga atom at a [110] step of the GaAs 3D island is

bound with three bonds; one to the step side and two to the step bottom [(OOI) side] . A Ga

atom at a [110] step, on the other hand, is bound to the step bottom with two bonds but
                  knot to the step side. The sticking probability of an impinged Ga adatom to a step may be

larger when it is bound by the larger number of bonds at the step. Therefore, Ga adatoms

are more frequently incorporated into the [110] step than into the [IIO] step, resulting in

the faster [110] growth rate.

4.5 Application to Low Dimensional Structures

    A novel approach to fabricate quantum structures with fractional dimensionality

emerges from the growth behavior discussed above. Namely, quantum well (QW) struc-

tures can be fabricated using the 2D growth mode of GaAs, while the GaAs 3D growth

may decrease the dimensionality from 2D QW to zero-dimensional (OD) quantum dot (QD)

structures. Let us suppose that GaAs is grown on ZnSe under the conditions which bring

the 3D growth, that is, high growth temperatures and low V/III ratios. If the growth

time is sufficiently short to separate each GaAs island [for example, see Fig, 4.17(a)], ZnSe

overgrowth realizes QD's where GaAs dots are buried in ZnSe. As the growth of 3D

GaAs proceeds, the GaAs isiands develop preferably in the [110] direction as shown in

Figs. 4.17(b) and (c), Therefore, GaAs buried in ZnSe at this time may act as quantum

wires. Here we will show the possibility in fabricating such quantum structures.

    Figures 4.18(a) and (b) are TEM bright field images of the (110) cross sections of

multilayered structures fabricated under the growth conditions of (a) Tg = 5eOOC and

V/III = 5, and (b) T, = 5500C and V/III = 2. In the images, bright GaAs and dark ZnSe

show marked contrast. It is clearly seen that, under the growth conditions of Fig. 4.18(a),
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(a) Tg = 5000C, V/lll = 5

GaAs sub.

(b) Tg = 5500C, V/111 =2

                                                   1OOnm

Figure 4.18: Cross-sectional TEM bright field images of ZnSe-GaAs multilayered structures
fabricated under the conditions of (a) T, = 5000C and V/III = 5, and (b) T, = 5500C and
V/III = 2. Bright and dark images correspond to the GaAs and ZnSe layers, respectively.

the growth of GaAs on ZnSe is two-dimensional and a QW structure with fairly good

periodicity was fabricated. On the other hand, the conditions of Fig. 4.18(b) brought

about the 3D growth of GaAs on ZnSe, as predicted by the previous arguments, and

periodicity was considerably degraded. However, it must be noted that the ZnSe Iayers

separate the GaAs islands. Furthermore, FWHM of the XRD pattern was evaluated to

be as narrow as 46 arcsec, which is comparable with that of QW shown in Fig. 4.18(a).

These findings suggest that high-quality GaAs QD's can be buried into ZnSe. To give

more convincing evidence, GaAs islands surrounded by ZnSe were fabricated under the

same conditions for Fig. 4.18(b), and a (110) cross section was observed by TEM. The

bright field image is indicated in Fig. 4.19. GaAs shows the Volmer-Weber growth mode

and each island is isolated completely by the ZnSe layers. For this figure, relatively large

GaAs islands were grown to facilitate the observation, and the quantum effects will not

appear. Also, the islands are probably elongated in the [110] direction, as is deduced from

Fig. 4.17. However, this preliminary experiment strongly promises successful fabricatiion

of GaAs QD's buried into ZnSe by reducing the island size.

   So far, the Stranski-Krastanov mode, where the initial nucleation occurs in a 2D man-

ner but above a certain thickness island formation occurs during strain release processes,
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Figure 4.19: TEM bright field image of the (110) cross section of GaAs islands buried into

ZnSe. The growth conditions are Tg = 5500C and V/III = 2.

has been used for fabricating QD's [18-20], The InAs-GaAs system is a good example. In

contrast, the procedure proposed here to fabricate Iow dimensional structures is based on

a novel principle, that is, the Volmer-Weber growth mode due to the heterovalency, and

does not require strain as a driving force for 3D growth. The advantages of this procedure

are that QD's are not accompanied by a wetting layer which acts as a QW, and that the

size of QD's can be controlled without caring about the introduction of misfit dislocations.

Future studies are expected to bring fruitful results.

4.6 Summary
    With the purpose of establishing the growth procedure to provide high quality and

structurally well-defined GaAs on ZnSe(OOI), the flow sequence of the source precursors

at the interface and the growth behavior were investigated. It was found that Ga metal

generated through TEGa dissociation deposited three-dimensionally on ZnSe, while TBAs

drastically etched ZnSe, typically at the rate of 150 A/min. As the etching mechanism,

desorption of Zn and Se from the ZnSe surface via the formation and evaporation of Zn3As2

and As.Sei-., respectively, was proposed. On the basis of these results, GaAs growth on

ZnSe was decided to be initiated by TBAs followed by TEGa.

    The growth behavior of GaAs on ZnSe was interpreted in terms of migration of Ga

atoms and/or Ga-related molecules. Owing to the low sticking coefficient of Ga on ZnSe,



enhancement of migration by raising the growth temperature to N5500C with low V/III

ratios (S 5) caused 3D growth, which was classified as the Volmer-Weber mode, On the

other hand, with low growth temperatures (g 5000C) or high V/III ratios () 10), the

Ga migration was suppressed and the resultant GaAs surface became two-dimensional. In

particular, GaAs grown at 400 or 4500C showed atomically fiat surfaces. As a potential

application of the variation of the growth behavior, fabrication of the ZnSe-GaAs quantum

structures with fractional dimensionality was proposed and the preliminary results were

demonstrated.
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Chapter 5

Control of Interface Properties in
GaAs-on-ZnSe Heterovalent
Heterostructures

5.1 Introduction

    One of the characteristic features of heterovalent heterostructures is the tunability of

the band offsets [1-7]. In chapter 3, we have succeeded in controlling the band offsets

in the ZnSe-on-GaAs(OOI) [ZnSe/GaAs(OOI)] heterostructures between O.6 and 1.1 eV,

where the interface atomic configuration was manipulated through a Zn or Se treatment

of GaAs surfaces before beginning the ZnSe growth. Therefore, if the band offsets in the

inverse structure, i.e., the GaAs-on-ZnSe (GaAs/ZnSe) heterostructure, can be controlled,

that leads to fabrication of ZnSe-GaAs multilayered structures whose properties regarding

carrier transport and confinement can be designed,

    Subsequently to the establishment of the growth procedure of GaAs/ZnSe in chapter

4, in this chapter, efforts are devoted to the control of the band offsets in the GaAs/ZnSe

heterostructure. The basic idea is the same as the case of ZnSe/GaAs, that is, the interface

atomic configuration is modified, while the growth conditions for both ZnSe and GaAs

remain unchanged, in order to focus discussions on the interface engineering. It has been

revealed in the previous chapter that the ZnSe surfaces are etched by thermal annealing

in a hydrogen ambient, and more drastically, in an ambient of the As source precursor of

tertiarybutylarsine (TBAs). These properties are utilized to control the interface atomic

configuration and, correspondingly, the band offsets, Since abrupt interfaces make it easier

to elicit the effect of the interface atomic configuration on the band offsets, the nucleation of

99
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GaAs on ZnSe(OOI) is kept two-dimensional (2D) in the atomic level, referring to the results

obtained in chapter 4. The valence band offsets are estimated by x-ray photoemission

spectroscopy (XPS).

5.2 Preparation of GaAs/ZnSe Heterointerfaces

    An underlying ZnSe layer 100-A thick was grown at 4500C on the GaAs buffer layer,

using diethylzinc (DEZn) and dimethylselenium (DMSe) as source precursors. Molar flow

rates of DEZn and DMSe were 1.2 and 12 pamol/min, respectively, After the growth, the

ZnSe layer was succe.ssively annealed at 4500C for 10 min with DMSe fiow. The growth

and annealing at 4500C makes the ZnSe surface fiat to the atomic level, as mentioned in

chapter 2; the surface consists of atomically flat terraces, islands 1-monolayer (ML, 1 ML =

2.8 A) high, and 1 ML steps derived from the unintentional misorientation of the substrate.

These features indicate that the surface of ZnSe is fully covered with either Zn or Se atoms,

which is a favorable surface to control the atomic configuration.

    GaAs was grown on the ZnSe layer. Since the underlying ZnSe is atomically fiat, the

atomically fiat GaAs thin film can be an indication of the abrupt interface between GaAs

and ZnSe. Therefore, the growth temperature (Tg) of GaAs on ZnSe was set relatively

low at 400 or 4500C, because these temperatures bring the 2D growth in the atomic level

but GaAs grown on ZnSe above 5500C exhibits three-dimensional surfaces (cf. chapter

4). Molar flow rates of triethylgallium (TEGa) and TBAs were 10 and 50 pamol/min,

respectively. The temperature program and the fiow sequence of the source precursors at

the GaAs/ZnSe interface are shown in Fig, 5.1. During the interval between the growth

of ZnSe and GaAs, only hydrogen was supplied for purging DMSe. The growth of GaAs

began with an initial exposure of ZnSe to TBAs. The Ga-initiated growth of GaAs was not

examined here because an atomic force microscopy (AFM) observation revealed that the

surface of GaAs whose growth was initiated by TEGa was three-dimensional. During the

exposure of ZnSe to TEGa, Ga atoms probably deposited to form Ga droplets on ZnSe,

resulting in the rough surface. This result is consistent with the result in Sec. 4.2.3, though

the growth temperatures are different.

    In order to achieve the tunability of the band offsets at compensated neutral interfaces

such as those shown in Fig. 1.2, the GaAs/ZnSe interface structures were experimentally
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Figure 5.1: The temperature program and the flow sequence of the source precursors at
the GaAs/ZnSe interface.

controlled by means of the thermal etching of ZnSe in a hydrogen or a TBAs ambient.

Namely, durations of the interval (ti) and the TBAs-exposure (t2) were varied as parame-

ters, and the dependence of the band offsets on these durations was investigated. It must

be noted that as far as this study is concerned, the durations of the interval and the TBAs-

exposure were altered within the limits that the atomically flat surface and, consequently,

interface of the GaAs/ZnSe heterostructure can be maintained. This was proved by the

5.3 Control of Band Offsets

5.3.1 XPSmeasurements
    The experimental setup for the XPS measurements and the procedure to extract the

band offsets are the same as those in chapter 3. The measurements were performed ex

sitiL, and hence the GaAs surface contaminated during the exposure to air was lightly

etched with Ar+ after being }oaded into the XPS chamber. The detected signals were

3d core levels of Zn, Se, Ga, and As. Since the region detectable by the present XPS

measurements is 45 A from the surface, the ZnSe layer thickness of 100 A prevents the Ga

and As 3d photoelectrons generated in the GaAs buffer layer underneath the ZnSe layer
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from being detected. Therefore, the obtained Ga and As 3d signals are the ones from GaAs

on ZnSe. Thickness of the GaAs layers on ZnSe for XPS was 20 - 30 A, which made it

possible to obtain the signals from both sides of the GaAs/ZnSe interface simultaneously.

Consequently, the energy separations between core levels, from which the band offsets are

estimated (see Fig. 3.3), could directly be estimated.

    In chapter 3, possible errors involved in the XPS measurements of ZnSe/GaAs were

described. Here, again, those in the GaAs/ZnSe heterostructure are discussed. In order

to reveal the influence of chemical shifts due to novel interface structures, the band offsets

were estimated by the energy differences between Ga 3d and Zn 3d signals, and between

As 3d and Se 3d signals. Those energy differences provided the quantitatively consistent
results, verifying littie contribution of the chemical shifts to the peak positions of the XPS

signals, even if those exist. The line shapes for all photoemission signals were not changed,

which also supports the above assertion. With respect to strain, on the other hand, since

the GaAs/ZnSe heterostructures in this chapter are grown coherently, the effects of the

compressive strain in ZnSe on the XPS profi!es are completely the same as the case of

ZnSe/GaAs and were neglected also in this chapter.

5.3.2 Effectsofintervalduration

    Using Fig. 5.2, we begin by describing the effect of the interval duration (ti) on the

valence band offset. Here, the duration of the TBAs-exposure (t2 in Fig. 5.1) was set

at as short as 2s so as not to modify the surface properties after the interval. It can

clearly be seen in Fig. 5,2 that Ionger duration of the interval results in larger valence band

offsets and that there is no significant difference between the growth temperatures. These

characteristics are well explained with consideration of the surface kinetics of ZnSe during

the interval.

    Since ZnSe is annealed in a DMSe ambient before the interval, the ZnSe surface just af-

ter the postgrowth annealing is terminated by Se atoms. Therefore, if the interval duration

is short enough to avoid Se desorption, ti =Os for example, the following growth of GaAs

brings a mixed As-Se interface through an As-Se replacement reaction. This replacement

reaction is required to attain the charge neutrality. The theoretical study, on the one hand,

has predicted that the mixed As-Se interface with 50-50 composition possesses the valence

band offset of O.62 eV [2]. This value is close to the experimentally evaluated vaience band
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: Variation of the valence band offsets as a function of the interval duration, ti.

offset of O.7 eV (Fig. 5.2) at ti == O s, which suggests that the fabricated interface consists

of the mixed As-Se plane with approximately 50-50 composition. The formation of such

interfaces is schematically illustrated in Fig. 5.3(a). It is seen in the figure that Ga-Se

donor bonds exist at the GaAs side of the interface, while Zn-As acceptor bonds at the

ZnSe side. This configuration of the bonds causes electron transfer from GaAs to ZnSe,

and consequently forms dipole moments pointing toward ZnSe. With the dipole moments,

the valence band offset becomes smaller than that without the interface dipoles,

    The variation of the valence band offset during the interval duration between O and

5s indicates that the Se composition at the interface, which was about 50% at ti == O s,

was changed; partial desorption of surface Se atoms might take place during the interval

duration, resulting in the interface Se composition less than 50%. In this case, the charge

neutrality cannot be realized only by the mixture of As and Se on one anion layer and partial

replacement of Zn with Ga on the cation layer underneath the mixed As-Se layer should

occur. This interface is schematically shown in Fig. 5.3(b). To satisfy the charge neutrality,

the number of donating Ga-Se bonds must equal the number of accepting Zn-As bonds.

The Ga-Se bonds are formed not only by Ga in GaAs and interface Se, but also by Ga on

the Zn plane and underlying Se. Here, the bonds between interface Se and Ga on the Zn

plane are being neglected and the reason for this will be described later. From Fig. 5.3(b),
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Figure 5.3: Schematic illustrations of formation of the interfaces. Variation due to the
interval duration, ti, is compared; (a) ti = O s, '(b) O Åq ti Åq 5 s, and (c) ti År 5 s.
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it is clearly seen that an interface Se atom is bonded to two Ga atoms in GaAs and that

a Ga atom on the Zn plane is bonded to two Se atoms in ZnSe. Therefore, the number of

the Ga-Se bonds is calculated as twice of the sum of the number of interface Se and that of

Ga on the Zn plane. On the other hand, the Zn-As bonds are formed by interface As and

Zn on the Zn plane, as Fig. 5.3(b) shows. Its number is counted by considering that a Zn

atom on the Zn plane is basically bonded to two interface As atoms, although the presence

of an interface Se atom decreases the number of the Zn-As bonds by two. To summarize,

the charge neutrality can be expressed as 2([Se] + [Gaz.]) == 2(1 - [Gaz.]) - 2[Se], that is,

                              2[Se] +2[Gaz.]= 1, (5.1)

where [Se] and [Gaz.] are the fractional occupancies of Se at the interface and Ga on the

Zn plane, respectively [8]. This equation means that, if [Se] is 50%, i.e., ti = O s, there

are no Ga atoms on the Zn plane and that the desorption of Se atoms during the interval

between O and 5 s introduces the same number of Ga atoms onto the Zn plane [Fig. 5.3(b)],

As the number of Se atoms at the interface reduces, the number of the Ga-Se donor bonds

at the GaAs side decreases, which weakens the strength of the dipoles and, finally, turns its

direction. This change of the strength and direction of the dipoles results in the increase

of the valence band offset toward 1.1 eV.

    In the above calculation, the presence of the bonds between interface Se and Ga on

the Zn plane was neglected. This is because these bonds do not influence the condition

for the charge neutrality written by Eq. (5.1). If an interface Se atom inakes a bond with

a Ga atom on the Zn plane, the number of the Zn-Se bonds at the interface is reduced

by one, and a Zn-As bond, which is formed by interface As and Zn on the Zn plane, is

induced. As a result, the charge neutrality is preserved. Therefore, Eq. (5.1) was derived

with an assumption of the absence of the interface Ga-Se bonds, although actually it can

be applied for any interfaces with two mixed atomic layers where atomic configuration is

arbitrary.

    The interval longer than 5 s, on the other hand, did not influence the valence band

offsets, as shown in Fig. 5.2. This is presumably because Se atoms originally being on the

ZnSe surface were desorbed completely at the interval duration of 5 s and the surface was

terminated by Zn atoms. Since the Zn-terminated surface is more stable owing to the lower

vapor pressure of Zn atoms, it is maintained even after the interval longer than 5 s. Since
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this situation corresponds to [Se] = O in Eq. (5.1), the growth of GaAs on this ZnSe surface

results in a mixed Ga-Zn interface with 50-50 composition as schematically illustrated in

Fig. 5.3(c). It is obviously seen that the Zn-As bonds are induced at the GaAs side of the

interface and that the Ga-Se bonds at the ZnSe side. This bond configuration transfers

electrons from ZnSe to GaAs, which is the inverse direction of the electron transfer in the

GaAs/Se-terminated ZnSe interface. Therefore, the resultant dipoles are in the inverse

direction and the valence band offsets become as large as about 1,1 eV.

    In the theoretical analysis, the interface shown in Fig. 5.3(c) has been predicted to

possess the valence band offset of 1.59 eV [2]. AIthough the experimental results obtained

in this study differ from the theoretical calculation, the reason for this discrepancy has
                  tsnever been clarified, The variation of the valence band offsets experimentally achieved in

chapters 3 and 5, and Ref. [2] ranges from O.6 to 1.1 eV consistently, implying that there

is room for reconsideration in theoretical studies. From the experimental point of view, on

the other hand, the discrepancy implies that the interfaces in the present heterostructures

are basically close to the simplified model shown in Fig, 5.3(c), but may be modified, for

example, by interdiffusion to some extent. In this sense, investigations on the interface

atomic configuration in the atomic level will be very crucial.

    As was pointed out previously, the behavior of the valence band offsets against the

interval duration (ti) does not depend on the growth temperature, indicating that the rate

of the Se desorption from the top surface of ZnSe in the hydrogen ambient is independent

of temperatures between 400 and 4500C. The Se desorption from ZnSe occurs through

decomposition and evaporation, and its rate is determined by competition between the

decomposition and the evaporation rates. Since the vapor pressure of elemental Se is a

function of temperature as is well known, the evaporation rate depends on temperature,

which does not fit the experimental results. Therefore, the present results are probably

governed by the decomposition of Se from ZnSe.

5.3.3 Effects of As exposure duration

    We will move to discussion about a role of the duration of the TBAs-exposure (t2

in Fig. 5.1) in controllability of the valence band offset. The interval duration, ti, was

kept at 5 s, and thus the ZnSe surface before being exposed to TBAs is covered with Zn

as verified by Fig. 5.2. Figure 5.4 illustrates variation of the valence band offsets in the
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Figure 5.4: Variation of the valence band offsets as a function of the duration of the TBAs-

exposure, t2.

GaAs/ZnSe heterostructures grown at 400 and 4500C as a function of the duration of the

TBAs-exposure. As the duration lengthens, the valence band offsets change periodically

between 1.1 and O.6 eV. The amplitudes of the change do not depend on the growth

temperatures, whereas the periods do, that is, the higher growth temperature led to the

shorter period. For Tg = 4500C, the amplitude of the variation seems to be slightly smaller

in the second period (t2 År 30 s) and the mechanism for this will be discussed later.

    The phenomenon in Fig. 5.4 can be interpreted as follows. In the case of t2 == Os, the

ZnSe surface prior to the GaAs growth is terminated by Zn atoms. The decrease of the

valence band offsets with the increase of t2 is probably due to a reaction between TBAs

and the surface Zn atoms which synthesizes a volatile compound of Zn3As2 [9]. Since the

compound Zn3As2 is rapidly desorbed above 3600C [9], the ZnSe surface and, therefore,

the interface tend to be Se-rich. The increase of Se atoms at the interface decreases the

valence band offset through the same mechanism described in the discussion with Figs. 5.2

and 5.3. The valence band offsets for both growth temperatures reach the smallest value

of O.6 eV simultaneously when t2 is 20 s, indicating that the formation and evaporation

processes of Zn3As2 are independent of temperatures around 400 - 4500C. Compared with

the theoretical study [2], the smallest value of O.6 eV suggests that the interface is the

mixed As-Se plane with approximately 50-50 composition. It is probable that, at t2 = 20 s,
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the evaporation of Zn3As2 is completed and that the ZnSe surface is almost fu11y covered

with Se atoms. Therefore, the following growth of GaAs induces partial replacement of Se

by As and results in the mixed As-Se interface in order to satisfy the charge neutrality.

This interface structure is similar to that obtained by ti = O s in Fig. 5.2.

    For duration longer than 20 s, the valence band offsets increased toward 1.1 eV, sug-

gesting the desorption of the surface Se atoms during the TBAs-exposure. The duration

at which the valence band offsets reach 1.1 eV is different for the different growth tem-

peratures, that is, 30s for Tg == 4500C and about 60s for Tg = 4000C. This means that

the Se desorption strongly depends on the temperature. In Fig, 5.2, on the other hand,

the Se desorption was not influenced by the growth temperature and it took about 5s to
                  s
complete the desorption of a Se atomic layer. The striking difference between these two

experiments is the ambient to which the ZnSe surface was subjected; ZnSe was exposed

to hydrogen in Fig. 5.2, while to the TBAs ambient in Fig. 5.4. Therefore, we consider at

present that some reaction between Se on the ZnSe surface and As in the ambient modifies

the condition for the desorption of the Se atoms. Since As can make a bond with Se to

form an As.Sei-. compound, as is often reported [10, 11], this compound is one of the pos-

sible origins preventing the desorption of the Se atoms. After reaching 1.1 eV, the valence

band offsets decreased again, indicating the occurrence of the formation and evaporation

of Zn3As2.

    The observed variation of the valence band offsets suggests that, regarding a few

surface atomic layers, the etching of ZnSe by TBAs is in the layer-by-layer mode. It

has been revealed, however, that the ZnSe etched by TBAs to a few tens of nanometers

exhibited rough surfaces (chapter 4). Therefore, the tendency of digital etching will be

weakened and the periodic change of the valence band offset will be attenuated by longer

duration of the TBAs-exposure. It is seen in Fig, 5.4 that, when the growth temperature

is 4500C, the amplitude of the second period becomes slightly smaller than that of the first

period. This may be a sign of the degradation of the digital etching properties.

    The periods of the variation of the valence band offsets derived from Fig. 5.4 were 30

and 60 s for Tg = 450 and 4000C, respectively. The period of 60 s for Tg = 4000C is not

highly reliable because the change is slow and it is diMcult to determine the peak position

precisely, According to our model, one period should correspond to the etching of 1 ML

(2.8 A) and, therefore, the etching rates can be calculated from the periods. These were
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5.6 and 2.8 A/min for Tg == 450 and 4000C, respectively. On the other hand, using the

results of the etching study in the previous chapter, the etching rates at 450 and 4000C

are estimated to be 6 and 1 A/min, respectively. For Tg == 4500C, these values agree

reasonably well, supporting the hypothesis that the variation of the valence band offsets

observed in this chapter originates from alternate appearances of Zn and Se atoms on

the ZnSe surface through the digital etching. However, one may feel that the difference

between the etching rate of 2.8 A/min at 4000C in this chapter and 1 A/min in the previous

chapter is large. In chapter 4, ZnSe was etched by a few tens of nanometers and the etched

depth was measured by ellipsometry. After the etching to such a depth, the ZnSe surfaces

become rough as mentioned in the above paragraph, and therefore the accuracy of the rate

determined in that chapter is not so high. Furthermore, as described above, the etching

rate of 2.8 A/min obtained here as well is not highly reliable owing to the uncertain peak

position in Fig. 5.4. These facts may cause the difference in the estimation of the etching

rates and we consider that this difference is within the experimental error.

5.4 Summary
    Tunability of the band offsets in GaAs/ZnSe(OOI) heterovalent heterostructures was

successfully demonstrated, while the surface of GaAs grown on ZnSe was kept atomically

flat to ensure the formation of the abrupt interface. By changing the exposure duration

of ZnSe to the hydrogen ambient and to the TBAs ambient, the variation of the valence

band offset from O.6 to 1.1 eV was achieved. The mechanism behind it was ascribed to the

layer-by-layer fashion of the thermal etching in these ambients.

    We have already attained the control of the band offsets in the ZnSe/GaAs heterostruc-

tures. Therefore, the results in this chapter open a way to fabricate ZnSe-GaAs multilayered

structures with the engineered properties.
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Chapter 6

Quantum Structures
Engineered Interface

with
Properties

6.1 Introduction

    We have demonstrated the capability of controlling the band offsets in the ZnSe-on-

GaAs(OOI) [ZnSe/GaAs(OOI)] (chapter 3) and the GaAs-on-ZnSe(OOI) [GaAs/ZnSe(OOI)]

heterostructures (chapter 5) through the interface engineering; the valence band offsets

could be tuned from O.6 to 1.1 eV by manipulating the interfacial atomic configuration

through the precise control of the flow sequence of the source precursors at the interfaces.

These results opened a way to fabricate various multilayered structures from the ZnSe-GaAs

system. For example, the offset divided into both the valence and the conduction bands

may lead to formation of quantum structures, while, if the offset is put mainly on either

the valence or the conduction band, double heterojunction bipolar or phototransistors with

high injection efliciency can be realized.

    In this chapter, we fabricate ZnSe-GaAs heterovalent quantum structures in which the

band offsets at both sides of the GaAs wells are independently designed, and character-

ize their properties chiefly originating from heterovalency. The fabricated structures are

mostly multiple quantum wells (MQW's) and partially superlattices. When the band off-

sets at both sides of GaAs are different, the quantum structures should contain an electric

field. Since the intensity of the electric field is changeable via control of the band offsets,

the properties of the quantum structures are variable as well. So far, the effects of elec-

tric fields on the nature of the eigenstates have been investigated using the conventional

isovalent quantum structures such as a GaAs-AIGaAs system. If each well in a quantum

111
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structure is sufficiently isolated, which is the situation in a QW structure, the energy gaps

will be shifted toward lower energy by the electric field [1]. In the case of superlattices, the

electric field causes Wannier-Stark localization [2]. In these studies, however, the electric

field was applied externally, for example, by pin and nin structures. On the other hand,

a characteristic of the heterovalent quantum structures is that a new parameter of the

band offset for designing the electronic properties enables the electric field to be included

internally. Furthermore, since the tunability of the offsets depends on the interface dipoles

being a function of the interfacial charge distribution, structures that rearrange the charge

distribution may also alter the electronic properties. In this chapter, we investigate de-

pendence of the energy states in the ZnSe-GaAs heterovalent quantum structures, which

include the intrinsicas  electric field, on the offsets, the well width, and the barrier width

to provide an insight into their basic properties, The experimental results obtained by

optical-absorption measurement at 22 K are compared with the results of the theoretical

analyses using the Poisson and Schr6dinger equations.

6.2 Fabrication of ZnSe-GaAs Quantum Structures

determination of growth temperature

    The results of chapters 2 and 4 suggest that the growth temperatures (Tg) of the

quantum structure should be 4500C. To confirm this, 30 periods of ZnSe (116 A) / GaAs

(45 A) MQW's were fabricated at 450 and 5000C, and their structural properties were

compared by means of double-crystal x-ray diffraction (XRD) using Cu Kai (1.5405 A)

radiation as an x-ray source. The XRD profiles taken in the vicinity of the GaAs O04

diffraction are shown in Fig. 6.1 together with the theoretical calculation based on the

kinematical theory. The full-width at half maximum (FWHM) of the fundamental peak is

38 arcsec for both profiles and this corresponds well to the theoretical value of 35 arcsec,

indicating the excellent crystalline properties. However, difference due to Tg is found in

the peak intensity. The XRD pattern of the MQW grown at 4500C agrees well with the

theoretical curve, while intensity of the satellite peaks in the XRD pattern of the MQW

grown at 5000C is weaker. Possible reasons for this are indistinct interfaces and thickness

fluctuations from period to period. However, a perturbation of the period will also cause

broadening of the width, which does not fit the experimental result. Therefore, the higher
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Figure 6.1: The experimental and the calculated XRD patterns of MQW's with the 30
periods of ZnSe (116 A) / GaAs (45 A). Variation due to T, is shown.

temperature growth is thought to have degraded the interface abruptness. From these

findings, we can conclude that the growth temperature of 4500C is a desirable temperature

to obtain quantum structures with superior structural properties,

the state of the art of the present MOVPE

    Before describing the growth procedure of the samples for the optical-absorption mea-

surements, we attempt to reveal the ability of the present metalorganic vapor phase epitaxy

(MOVPE) system in fabricating the quantum structures. An interest here is how thin the

constituent layers can be made.

    The 20 periods MQW with 140-A-thick ZnSe and 25-A-thick GaAs was grown at

4500C. The measured double-crystal XRD profile as well as the theoretical calculation is

shown in Fig. 6.2. Intense and well-defined satellite peaks can be detected. The relative

scattering intensity of the satellite peaks against the fundamental peak and FWHM of 51

arcsec are equivalent to those derived from the simulation. The MQW possesses the high
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Cross-sectional TEM bright field image of the same MQW shown in the previous
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crystalline quality and well-defined interfaces. Figure 6.3 is a transmission electron micro-

scope (TEM) bright field image of the (110) cross section of the same MQW. The direct

observation by TEM also indicates the successful fabrication of the ZnSe-GaAs MQW.

Evidence of abrupt compositional modulation is given by the marked contrast between

bright ZnSe and dark GaAs; though the well layer is as thin as 25 A. Neither threading

dislocations nor stacking faults are observed over the entire area, indicating that the lat-

tice mismatch strain is accommodated elastically and that the sample has good crystalline

quality. The layer thickness of each material is almost constant from bottom to top [3].

These findings confirm the high degree of the structural quality of this MQW.

    A next quantum structure has much thinner ZnSe barrier layers; 100 periods of ZnSe

(33 A) / GaAs (25 A), It should be noted that these well and barrier widths are the thinnest

ever achieved in this material system. The ZnSe layer thickness is thin enough to give rise

to interaction of the wave function in each well, and therefore, this quantum structure is

a so-called superlattice. Successful construction was confirmed by comparing the exper-

imental XRD pattern with the theoretical calculation, as shown in Fig, 6.4. FWHM of

the fundamental peak is 31 arcsec, which proves its good crystalline quality. However, two

satellite peaks are broadened and slightly weakened, compared with the theoretical profile.

?
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Figure 6.4: Double-crystal XRD pattern of the 100 periods superlattice with ZnSe (33 A) /

GaAs (25 A).
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By decreasing the ZnSe layer thickness from 140 A (in the MQW mentioned above) to

33 A, the periodicity was degraded, for example, by thickness fluctuations and/or indis-

tinct interfaces. This result suggests that in the present MOVPE, the lowest limit of the

constituent layer thickness in the ZnSe-GaAs quantum structures is larger for ZnSe and

that is a few tens of angstrom.

quantum structures for optical-absorption measurements

    The sample structure for the optical-absorption measurements is schematically shown

in Fig. 6.5. Growth of the samples was initiated by a 1500-A-thick GaAs buffer layer

at 7000C, To obtairf an atomically flat surface, post-growth annealing was conducted at

7000C for 10 min in a tertiarybutylarsine (TBAs) ambient. Next a 500-A-thick ZnSe

region was grown at 4500C primarily to act as an etch stop Iayer for substrate removal.

Finally, a ZnSe-GaAs quantum structure was grown at 4500C. The period of the quantum

structure was designed so as te make the total thickness of the GaAs wells 600 - 800 A,

The detailed growth conditions are found in chapters 2 and 4. The valence band offsets at

both ZnSe/GaAs and GaAs/ZnSe heterointerfaces are controllable. In this study, however,

to simplify the discussion, the former was kept constant at O.6 eV for all samples, while the
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Figure 6.5: Schematic diagram of the ZnSe-GaAs quantum structures fabricated for the
optical-absorption measurements.



6.3. Structural Properties 117

latter was changed between O.6 and 1.1 eV. For this control of the band offset, the interval

duration between the ZnSe and GaAs growth, during which only hydrogen was supplied

for purging the ZnSe source precursors, was set at 5 s, and the GaAs growth was initiated

after the exposure of ZnSe to TBAs for 2- 20 s (see chapter 5 for more details), The

infiuence of this artificial control of the band offsets on the electronic states was assessed

by optical--absorption measurement at 22 K.

6.3 Structural Properties

    In order to extract differences of the optical properties due to the interface engineering,

it is important to clarify the structural properties, because the structural properties may

also contribute to the modification of the optical properties of the quantum structures. For

this purpose, the surface morphology and the crystallinity were investigated by means of

atomic force microscopy (AFM) and XRD, respectively.

6.3.1 Surfacemorphology

    The AFM observation was carried out in air immediately after the growth. There

was no evident difference associated with the interface control, and the surfaces for all

samples exhibited atomically fiat terraces and monolayer steps (2.8 A in height) as shown

in Fig. 6.6. This result suggests that, regardless of the manner to prepare the interfaces,

the growths of both ZnSe/GaAs and GaAs/ZnSe are in the two-dimensional growth mode

under the conditions employed here and that the interfaces are abrupt.

6.3.2 Crystalline properties

    The XRD patterns were taken in the vicinity of the GaAs OO4 diffraction. Figure 6.7

shows an example of the XRD profiles, in which both the experimental and the simulated

profiles are illustrated. The sample, in this particular case, is the eight periods MQW with

the expected dimensions of 110 A for ZnSe and 100 A for GaAs, The dimensions evaluated

from the comparison between the experimental result and the simulation based on the

dynamical diffraction theory were 107 A for ZnSe and 99 A for GaAs, which are very close

to the designed parameters. In the experimental profile, in addition to a fundamental peak

(n = O), well-defined satellite peaks labeled n = Å}1 are clearly detected. The peak intensity
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ratios between the satellite and the fundamental peaks and FWHM agree quite well with

those derived from the dynamical simulation, indicating the high crystalline quality, high

periodicity, and high interface abruptness in the ZnSe-GaAs quantum structure. The 500-

A-thick ZnSe etch stop layer, on the other hand, increases the diffraction intensity between

-1000 and -500 arcsec, for which the calculation again does agree with the experiment. In

the simulation, ZnSe was assumed to be deformed so as to maintain full coherence, and the

correspondence with the experimental result supports this assumption. The entire region

of the quantum structure is grown coherently on the GaAs substrate with few dislocations.

It should be emphasized that fairly good agreement between experiment and simulation

was confirrr}ed for all samples, which allows us to interpret the observed optical properties

without caring about structural imperfections.

6.4 Optical-AbsorptionProperties

6.4.1 Theoreticalbackgrounds

    The electronic properties of a quantum structure with an electric field are described

by the one-dimensional Poisson equation for the electrostatic potential ip(z)

                   E, d2dip.(,Z) == e[-n(z) +p(z) + N.' (z) - NA' (z)] (6•1)

and the Schr6dinger equation for an eigenvalue E

                          h2 d2th(z)
                       M2.* d., +V(Z)Åë(Z) == Eth(z), (6.2)

where E, is the dielectric constant, n(z), p(z), AIS (z), and IVK (z) are the density of electrons,

holes, ionized donors, and ionized acceptors, respectively, m" is the effective mass, and th(z)

is the wave function. The potential-energy V(z) in the Schr6dinger equation is related to

the electrostatic potential by V(z) = -eip(z) + Vh(z), where Vh(z) is a step function which

accounts for heterojunction discontinuities and is an important parameter in this study.

    Strictly, these equations should be solved self-consistently; though for simplicity, the

following approximation has been made. The quantum confinement effect was not con-

sidered in the Poisson equation, and the carrier concentrations were written in classical

formulations, using the Ehrenberg approximation [4], as

                                        Nc                      n(Z) == i/4+exp{-[Ef-E,(z)]/k.T} (6•3)
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Table 6.1:

equations.

Physical parameters used for the calculation of the Poisson and Schr6d inger

Dielectric constant
     (Cs/Eo)

Effective mass (m'/mo)
electron holeA

GaAs
ZnSe

12.ga
9.I4d

O.067b
O.16d

O.475C

O.7se

               AQuantities shown are the heavy hole masses along ÅqOOIÅr.

                aReference [5] dReference [8]
                bReference [6] eReference [9]
                CReference [7]

                 ss
and
                                        Nv
                     p(z) =                                                                         (6.4)
                            1/4 + exp{-[E. (z) - Ef]/kBT} '

where N. and N. are the effective density of states for the conduction and the valence bands,

respectively, Ef, E., and E. are the energies of the Fermi level, the conduction band, and the

valence band, respectively, kB is the Bolzmann constant, and T is the absolute temperature.

Within the Iimits of this classical approximation, the potential-energy profiIes are uniquely

determined only by the Poisson equation. Therefore, eigenstates are, then, calculated by

solving the Schr6dinger equation, where carriers experience the potential profile derived

from the Poisson equation. AIthough this procedure is not self-consistent and may degrade

quantitative accuracy, the included error does not seem to be serious owing to the following

reasons. If the well width is thick, the classical density of states well approximates that

with the quantum effect. Thin wells, on the other hand, induce the substantial difference

in the density of states, although the electric field, in turn, does not influence eigenstates

remarkably. Therefore, the electronic properties of the heterovalent quantum structures

can be outlined by the procedure adopted here with relative easiness.

    The physical parameters used for the calculation were listed in Table 6.1.

potential-energy profiles

    Since the samples fabricated in this study are multilayered quantum structures, the

Poisson equation was solved with the periodic boundary conditions. Figure 6.8 shows some

of the calculated potential profiles of the MQW's. The dimensions of the GaAs wells and the
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Figure 6.8: Calculated potential profiles of the ZnSe-GaAs heterovalent MQW's with dif-
ferent pairs of the valence band offsets at both sides of GaAs; (a) O.6/O.6 eV, (b) O.6/O.9 eV,
and (c) O.6/1.1 eV. The ZnSe and GaAs layers are 110- and 100-A thick, respectively. E,

and E. indicate the conduction and the valence band, respectively.

ZnSe barriers are 100 and 110 A, respectively, The pairs of the valence band offsets at both

sides of the GaAs wells are (a) O.6/O.6, (b) O,6/O.9, and (c) O.6/1.1 eV, These structural

and physical parameters were chosen, referring to the actually fabricated structures. Here,

ZnSe is assumed to be n-type with a donor concentration of 1Å~10ii cm'3, while GaAs

is p-type with 5Å~10i7 cm-3. These quantities are the experimental results obtained from

Hall-effect measurements of thick layers but are not essential, as will be shown later. It

is obvious from Fig. 6.8 that the electric field, which corresponds to the inclination of the

potential profile, becomes stronger by the increase of the difference in the valence band

offsets and that its intensity is approximately uniform in either the ZnSe or the GaAs

reglon.

    Based on Fig. 6.8, the average electric fields in the well and the barrier regions were

estimated on the assumption that the electric field was uniform in each region. The results

are shown in Fig. 6.9, where the valence band offset AE. at one side of GaAs is always

O.6 eV and that at the other side is a variable designated at the horizontal axis. That

shown at the upper horizontal axis is the conduction band offset AE. at the same interface

where the valence band offset is a variable. The conduction band offset is given by AE. =

EgZ"Se - EgGaAS - AE. with the energy gap Eg. Variation due to the well width is also

compared. The intensities of the electric fields are almost proportional to the difference in

the valence band offsets and are stronger in MQW's with narrower wells.
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    As is well known, impurity concentration often influences the potential profile of semi-

conductor heterojunctions. Surprisingly, however, it was found that the potential profiles

of the heterovalent quantum structures hardly depended on the impurity concentration

and that those were mainly determined by the difference of the valence band offsets at

both sides of the GaAs wells. For example, when the valence band offsets at both in-•

terfaces are O.6 and 1.1 eV, difference of the agceptor concentrations in GaAs of 1Å~10i4

and 5Å~10i7 cmm3 resulted in only a few percent variation of the electric fields, that is,

195 kV/cm and 184 kV/cm in GaAs, respectively. Furthermore, p- and n-GaAs with the

same impurity concentration of 5Å~10i7 cmm3 exhibited the almost identical potential pro-

files; electric fields in GaAs were 184 kV/cm for p-GaAs, while 183 kV/cm for n-GaAs.

The similar tendency was observed by changing the impurity concentration in ZnSe. The
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reason for this independence on the impurity concentration is that the potential inclination

due to the difference in the valence band offsets is remarkably greater than that induced

by donor and acceptor impurities and determines the potential profiles predominantly.

energy eigenstates .
    Under the presence of the electric field revealed by the Poisson equation, the

Schr6dinger equation was solved by the variational method [10] to estimate the energy

eigenstates. A single QW with ZnSe barriers of infinite width was used as a model for

the calculation. This approximation is valid for most of the present quantum structures,

because their barrier width is typically about 110 A and the penetration of the calculated

wave function into the ZnSe barrier regions was totally within about 100 A. Namely, these

are MQW's, in which the wave function in each well is thoroughly isolated and hardly

interacts with one another.

    In the variational calculation, the Schr6dinger equation without an electric field, that

is, with constant energy potential Vo, is first considered. Suppose the well width is L, and

the wave function Vo(z) is obtained as

tho(z) ..

Aekznsez

A
kgaAs + (Rkznse)2

       kGaAs

Aekznse(L-z)

sin(kGaAsz + 6)

for zSO
for O s{zff{ L,

for L s{z

(6.5)

with
                                             2M2nse(Vo - E)                          2M6aAsE
                 kGaAs== h ,kznse= h '
                                                                         (6.6)
                       6== tan-i RkkG,aA.sS,, and R= l:"S:g,S•

The used boundary conditions are thGaAs == zbznse and m6.AsMi(dzbGaAs/dz) ==

m2.s.'i(dthznse/d2) at the interfaces (2 = O and z = L),

    Under electric fields, the wave function is approximated by the product of that without

electric fields [Eq. (6.5)] and the following variational wave function, which is basically

the same as those in Ref. [10], though was modified to satisfy the boundary conditions
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mentioned above:

f(6,z) ..

exp [" (iL

exp [-6 (2 i

exp [-s (ZR-LL

l)]

)]

i)]

for zgo

for OÅqzÅqL.

for L Åqz

(6.7)

 The energy eigenvalue is determined by minimizing

                  " E-Åq.Vut',vei,",Zge2,(;,'El;'.År (6•8)

in terms of the variational parameter 5. In the equation, H is the Hamiltonian of the

problem and is expressed as -(h2/2m')(d2/dz2) + V(2). The energy gap of the quantum

structure was estimated from the eigenstates thus obtained, assuming the energy band gap

of GaAs at 20 K as 1,521 eV.

    Examples of the calculated energy gaps are shown in Fig. 6.10, where the dimension

of the GaAs well is a parameter and that of the ZnSe barrier used for the calculation of

the potential profiles is 110 A. Here, the valence band offset was O.6 eV for one side of

GaAs and that for another side was taken as a variable, as is the same as Fig. 6.9. It is

clearly seen that larger valence band offsets, which induce stronger electric fields (Fig. 6.9),

cause the redshift of the energy gap and that its degree depends on the well width. If

the pair of the valence band offsets is the same, a wider well weakens the electric field in

GaAs as shown in Fig. 6.9. However, the redshift in Fig. 6,10 is more striking with a wider

well. Therefore, it can be concluded that the influence of the electric field appears more

explicitly in the quantum structure with wider wells. This is well explained in terms of a

spatial shift of the electron and the hole wave functions induced by the electric field. The

wave functions after the spatial shift, which occurs more easily in wider wells owing to the

weak quantum confinement effect, experience the potential valleys and lower the energy

states.

    In this study, the periodic potential profile like Fig. 6.8 was considered as a first

trial. However, actually, the band offset at each interface in a multilayered structure can

be designed independently, and besides, the well and barrier widths that influence the
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Figure 6.10: Calculated energy gaps as a function of the valence band offset. The dimension
of the GaAs well is a parameter and that of the ZnSe barrier used for the calculation of
the potential profiles is 110 A.

intensity of the electric fields are variable. Therefore, various potential profiles can be

realized. In this sense, it is crucially important to give a guiding principle for designing

the electronic properties of the heterovalent quantum structure. Here, we identify which is

most responsible for the redshift, the electric field in the GaAs wells (F.), that in the ZnSe

barriers (Fb), or the band offsets, by examining the contribution of each factor to the energy

gap separately, The potential profiles for this calculation were determined irrespectively of

the result of the PoissoR equation, and the GaAs well width was kept constant at 100 A.

    When Fb was zero and the pair of the valence band offsets was O.6/1.1 eV, it was

found that the energy gap shifted from 1,561 to 1.362 eV by the presence of F. from O to

500 kV/cm, respectively. The positive sign in F. means that its vector is pointing toward

the interface with the valence band offset of 1.1 eV. The redshift was also observed by F.

in the opposite direction, that is, F. from O to -500 kV/cm brought the energy gaps from

1.559 to 1.287 eV, respectively. Under negative F., both electron and hole wave functions

are pushed to the interfaces with the smaller band offsets, and consequently, penetration

into the barrier regions becomes pronounced, compared with that under the positive F..

This causes the quantitative difference of the energy gaps of 1.362 and 1.287 eV under
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Å}500 kV/cm. However, an important result elucidated by this calculation is that F. can

potentially bring about variation of the energy gap 'in •the order of hundreds meV.

    On the other hand, Fb in the range from -500 to 500 kV/cm with zero F. and the

pair of the valence band offsets-of O..6/1.1 eV resulted in a trivial change of the energy gap

in the order of sub meV. Although the variation due to Fb is enlarged by the increase of

F., its order is still meV even with F. = 500 kV/cm. The reason for the enhancement of

the redshift by greater F. is that the wave functions are spatially Shifted toward the well

barriers by F. to be more sensitive to the electric field in the barriers, i.e., Fb.

    With respect to the effect of the band offset on the energy gap, the calculation was

carried out, keeping the valence band offset at one side of the GaAs well at O.6 eV and
                  li
changing that at the other side between O.6 and 1.1 eV. Fb was assumed to be O V/cm.

The degree of the energy shift due to control of the band offsets depended on F.. Larger

F. causes greater energy shift, although, even under F. of 500 kV/cm, the shift due to

the change of the valence band offsets from O,6 to 1.1 eV was estimated to be only about

15 meV.

    The results of these calculations lead us to a conclusion that the offset itself is not

important and that the electric field in the GaAs wells (F.) as a function of the offsets

plays a principai role in determining the energy gap,

    In the above discussions concerning the potential-energy profiles and the energy eigen-

states, the existence of strain, which modifies the energy bands, has been neglected. Here,

the validity of this assumption is proved. As verified in Sec. 6.3.2, only the ZnSe layers

are distorted tetragonally (coherent growth) in the ZnSe-GaAs quantum heterostructures.

Considering the lattice parameter of ZnSe (5.6686 A) and that of GaAs (5.6533 A) at room

temperature (RT), the strain in ZnSe is compressive. The effect of the compressive strain

on the energy band of ZnSe is estimated with the model-solid theory proposed by Van

de Walle et aL [11,12]. The detail of the calculation was described in Appendix and here

only the result is given, The compressive strai.n jn ZnSe makes the band offsets smaller

by 3.6 meV for heavy holes, larger by 10.5 meV for light holes, and larger by 9.0 meV

for electrons. Using these values, the Poisson equation was solved again. However, there

was entirely no difference in the electrostatic potentials with and without strain. In ether

words, the change provided to the potential-energy profiIes by the strain was only band

offsets, and the electric fields in ZnSe and GaAs remained unchanged. This is quite rea-
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sonable because, as was mentioned in the previous section, the potential-energy profile is

governed chiefly by the difference of the valence band offsets at both interfaces, and the

modification of the energy band due to the compressive strain does not alter the differ-

ence in the offsets. Then, the Schr6dinger equation was solved using the newly calculated

potential-energy profile. As is easily deduced, since the electric field in GaAs, which was

revealed to be essential for determining energy eigenvalues, is unchanged by the strain, the

energy shift seems to be considerably small. Indeed, it was estimated for MQW with 100 A

GaAs to be in the order of meV or less, Compared with the variation of the energy gap

shown in Fig. 6.10, this quantity is negligible, which validates the assumption made for the

present calculation. We will also neglect the infiuence of strain on the experimental data.

6.4.2 Optical-absorptionmeasurements

    We will move to the discussion on the optical-absorption measurement. For the absorp-

tion measurement, the substrate of the samples was removed by a selective NaOH(IN) :

H202 == 1: 1 (in volume) etching solution at RT. The Iight from a halogen Iamp was

irradiated to the samples, and the transmitted light was detected using a cooled charge

coupled device (CCD) and a 50-cm monochromator. The intensity of the irradiated light

was made as weak as possible so as to avoid unexpected modification of the band alignment

due to photogenerated carriers. Under the present experimental setup, no luminescence

was observed, and therefore, the detected signals refiect only the absorption properties.

    Figure 6.11 shows a typical 22 K absorption spectrum of the ZnSe-GaAs heterovalent

quantum structure, which consists of eight periods of 110 A ZnSe and 100 A GaAs. The

valence band offsets at ZnSe/GaAs and GaAs/ZnSe are O,6 and 1.1 eV, respectively, Since

excitonic absorption peaks were not detected, the following discussion has been done based

on the absorption edge, which was defined as the energy determined by extrapolation of

linear dependence of the square of the absorbance on irradiated photon energy into zero

absorbance, It must be noted that the absorption edge energy (E.b,) is lower than the

energy gap (Eg) owing to absorption by impurities and/or excitons, that is,

                              Eabs= E]g-AEabs, (6•9)

where AE.b, indicates variation caused by the impurity and/or exciton absorption. In this

study, however, the contribution from impurities to AE.b, is considered to be negligible.
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Figure 6.11: Typical absorption spectrum of the ZnSe-GaAs heterovalent quantum struc-
ture measured at 22 K. The sample is the eight periods MQW consisting of 110 A ZnSe
and 100 A GaAs. The valence band offsets at ZnSe/GaAs and GaAs/ZnSe are designed to

be O.6 and 1.1 eV, respectively.

This is because the absorption edge energy of 1150-A-thick GaAs grown on ZnSe/GaAs

was estimated to be 1.518 eV, and the energy difference of 3 meV between the estimated

value (1.518 eV) and the energy band gap of GaAs at 20 K (1.521 eV) is close to the exciton

binding energy of bulk GaAs (N5 meV). Therefore, in the following, AE.b, is determined

by referring to the exciton binding energies calculated in Ref. [13].

band offset dependence

    The absorption edge energies of the MQW's with different pairs of the valence band

offsets at both sides of the GaAs wells are compared in Fig. 6.12. The ZnSe barrier thickness

was 110 A for all samples. The valence band offset at the ZnSe/GaAs interface is O.6 eV as

stated before, and that at the GaAs/ZnSe interfaces is a variable indicated at the horizontal

axis. Accordingly, for example, the valence band offset of 0,6 eV in the figure means the

flatband condition. The result with 220 A GaAs and the valence band offset of 1,1 eV may

be Iess reliable. Since the electron and hole wave functions are remarkably separated under

the structural and physical parameters for this sample [14], the absorption becomes weak,

and consequently, the signal-to-noise ratio in the experiment gets worse.
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Figure 6.12: The absorption edge energies of the MQW's with different pairs of the valence
band offsets at both sides of the GaAs wells. The va!ence band offset at the ZnSe/GaAs
interfaces is constant at O.6 eV. Thickness of ZnSe is 110 A for all samples in this figure.

The broken lines indicate the theoretically determined absorption energies (E.b,), which
were evaluated by subtracting the exciton binding energies from the energy gaps (Eg).

    It is explicitly seen in Fig. 6.12 that MQW's with Iarger valence band offsets, which

corresponds to larger difference in the valence band offsets at both sides of GaAs, exhibit

lower absorption energies and that the redshift becomes more conspicuous in MQW's with

wider wells. The broken lines in the figure indicate the absorption energies (E.b,) calculated

from Eq. (6.9), that is, by subtracting AE'.b, from energy gaps (E,) shown in Fig. 6.10. As

AEab, in Eq. (6.9), which is equal to the exciton binding energy, 19, 15, and 11 meV were

used for MQW's with the well width of 70, 100, and 220 A, respectively, according to the

calculated results in Ref. [13]. It is worth noting that those exciton binding energies are

larger than those in the GaAs-AIAs system, owing to the large difference in the dielectric

constants between GaAs and ZnSe. Strictly, the exciton binding energy depends on the

intensity of the electric field; though, here, it was assumed to be constant at the value

without electric fields as a first trial. The reasonable agreement between the experimen-

tal results and the theoretical calculations indicates that the electronic properties in the



130 Chapter 6. Quantum Structures with Engineered lnterface Properties

heterovalent MQW's are well described by the potential profiles shown in Fig. 6.8 and by

the energy eigenvalues determined by the profiles. Moreover, it can be concluded that the

modification of the exciton binding energy due to the presehce of the electric field is within

the present experimental resolution, It is interesting to note that the results obtained here

prove the capability of controlling the electronic properties of heterovalent MQW's through

the control of the band offsets, which differs considerably from isovalent systems,

well width dependence

    The quantum confinement effect was examined by the well width dependence of the

absorption edges. The samples used for this experiment possess the 110-A-thick ZnSe
                 s
barriers. Two series of the samples, that is, with and without difference between the band

offsets at both sides of GaAs, were investigated. For the former, the valence band offsets

at the ZnSe/GaAs and the GaAs/ZnSe interfaces are O.6 and 1.1 eV, respectively, which

yields the internal electric field, In the latter case, both valence band offsets are O.6 eV,

and thus, there is no electric field.

    The results are shown in Fig, 6,13, The broken lines are the theoretically calculated

absorption energies with the consideration of the exciton binding energies. Similar to

Fig. 6.12, the fairly good agreement between the experiment and the calculation was at-

tained, indicating the achievement of the quantum confinement. Furthermore, it is clearly

observed from either the experiment or the calculation that, as the well width is widened,

the variation of the energy gap due to the electric field becomes pronounced, as was al-

ready pointed out in Sec. 6.4.1, The results here support the conclusion from the band

offset dependence of the absorption properties that the electronic properties of heterovalent

MQW's are controllable through the interface control,

barrier width dependence

    Finally, we describe the barrier width dependence. With decreasing the barrier width,

quantum structures are generally converted from MQW's to superlattices in which the wave

functions in wells interact with each other to form minibands. In the conventional isova-

lent quantum structures, formation of the minibands due to the conversion from MQW's

to superlattices appears in the absorption properties as a lowered absorption edge. Our

interest is what is observed in the heterovalent quantum structures by changing the barrier
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Figure 6.13: Well width dependence of the absorption edges. The ZnSe barriers are 110-
A thick. The pair of the valence band offsets (AE].) at both sides of GaAs is used as a
parameter. The broken lines are the theoretically calculated absorption energies with the

consideration of the exciton binding energies.

width. In order to elicit the difference between the isovalent and heterovalent quantum

structures, different valence band offsets of O,6 and 1.1 eV were set at the ZnSe/GaAs and

the GaAs/ZnSe interfaces, respectively. The dimension of the GaAs wells was 100 A.

    Before showing the experimental details, the theoretical analyses are briefiy performed.

First, the miniband structures were calculated by the Kronig-Penny model assuming the

quantum structures without electric fields. It was demonstrated that the first miniband

for electrons was formed with barriers less than 70-A thick and that its width with the

barrier width of 30 A was 1.5 meV. Since the presence of an electric field localizes carriers

and prevents the formation of the minibands, the result above suggests that the calculation

process of the Schr6dinger equation employed in this study does not include a serious error

for the multiple quantum structures with barriers thicker than 70 A. For superlattices with

barriers thinner than 70 A, the quantitative accuracy is surely degraded, although it is

still possible to extract the trend of the energy states against the barrier width by the

same technique. This is because the variation of the energy Ievels due to the conversion

into superlattices, that is, due to the formation of the minibands, is relatively small as

was estimated to be 1,5 meV for the 30-A-thick barriers. Thus, we calculated energy
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Figure 6.14: Barrier width dependence of the absorption edges. rl]he dimension of GaAs is
100 A. The originally designed valence band offsets at ZnSe/GaAs and GaAs/ZnSe are O.6

and 1.1 eV, respectively.

levels even for the superlattices using the same procedure. Consequently, it was found that

as the barrier width was reduced from 110 to 30 A, the e!ectric field in the GaAs regions

became stronger and the energy gap shifted monotonously from 1.518 to 1.444 eV. Namely,

the theoretical prediction is that redshift will be observed also in heterovalent systems by

reducing the barrier width, though that is predominantly caused by the internal electric

field, differing from isovalent systems. The redshift due to formation of the minibands will

be too small to be observed.

    Experimentally, however, the absorption edge energies behaved contrary to the theo-

retical prediction as shown in Fig. 6.14. As the barrier width decreases from 110 A, it is

once shifted toward higher energy, and then shows the redshift below 50 A. The observed

blueshift due to the decrease in the barrier layer thickness cannot be interpreted by the

theoretical analyses so far performed in this study, and therefore, another factor must be

considered. According to Figs. 6.9 and 6.10, the blueshift means that the difference of the

valence band offsets at both sides of the GaAs wells got smaller to weaken the electric

field in GaAs. As a cause for this, we consider at present the charge transfer within the

ZnSe region. Let us explain this model using Fig. 6,15. The tunability of the band offsets

s
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Figure 6.15: A model for the blueshift observed in the barrier width dependence of the

absorption edges.

being utilized here is based on the formation of the electronic dipo!es at the interface, as

described in chapters 3 and 5. These electronic dipoles originate from the charge transfer

from donating Ga-Se bonds to accepting Zn-As bonds across the interface. If the ZnSe

and GaAs layer thicknesses are relatively thick and each interface is isolated, these dipoles

are preserved even after the alternating deposition of ZnSe and GaAs, and the optical

properties agree reasonably well with the theoretical calculation as shown in Figs. 6.12

and 6.13. This situation and the resultant potential profile are schematically illustrated

in Fig. 6.15(a). In this figure, taking the results of chapters 3 and 5 into account, the

dipoles for the valence band offset of O.6 eV are directed to ZnSe and those for 1,1 eV to

GaAs. Thin ZnSe, on the other hand, facilitates the interaction between interfaces and

promotes the charge transfer from one side to the other side of the ZnSe barrier. As a

result of this charge rearrangement within the ZnSe region, the dipoles at both interfaces

tend to weaken each other, which makes the difference of the valence band offsets small as

shown in Fig. 6.15(b). Since the small difference of the offsets weakens the electric fields,

the absorption energy is shifted toward higher energy. This is the reason for the blueshift

observed in Fig. 6.14.

    In the above discussion with Fig. 6.15, the sign of the charges at both sides of ZnSe

was opposite and the dipoles were in the same direction. However, the discussion can be
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extended to the dipoles with arbitrary direction. If the dipoles are in the opposite direction

with different strength, the charge transfer occurs from the side with higher charge density

to that with lower charge density, and the difference. in strength of the dipoles becomes

small. Therefore, similar to Fig. 6.15, the electric field is weaker in the quantum structures

with narrower barriers, which causes blueshift.

    With respect to the redshift below 50 A, the theoretical analyses stated previously

in this section suggest that this is probably due to the electric field. This is because the

amount of the observed redshift is 50 - 60 meV, which is much closer to the calculated

redshift of tv30 meV than to the width of the first miniband, The reason why the effect of

the electric field appears explicitly in the quantum structures with barriers thinner than

50 A is considered 5s follows. The final charge distribution is determined not only by

the ZnSe thickness but also by other factors such as the charges at the GaAs side of the

interfaces and the donor and acceptor bonds at the interfaces, In Fig. 6.14, the charge

transfer due to the decrease in the ZnSe thickness will be completed at about 50 A, and

the electric field remained after the charge transfer is strengthened by thinning the barrier

width and causes the redshift.

    Although the similar charge transfer must take place in the GaAs wells by reducing

the GaAs well width, observation of this phenomenon will be difficult because the influence

of the electric field on the absorption energy is originally not so remarkable in narrow wells

as shown in Fig. 6.13.

    The barrier width dependence shown here is one of the unique characteristics of the

heterovalent quantum structures, which is never observed with the conventional isovalent

systems ,

6.5 Summary
    ZnSe-GaAs(OOI) heterovalent quantum st.ructures were fabricated, and their optical

properties were assessed by the absorption measurement at 22 K. Dependence of the ab-

sorption edge energy on the offsets, the well width, and the barrier width was investigated.

The absorption edges were shifted toward lower energy by enlarging the difference of the

valence band offsets at both sides of the GaAs wells. This was an indication of the pres-

ence of the internal electric field. The well width dependence also provided evidence of the



presence of the electric field. The theoretical calculation of the Poisson and Schr6dinger

equations well explained these experimental results. In contrast, the barrier width depen-

dence exhibited the anomalous behavior and could not be expressed by the theoretical

analyses. This unique characteristic was interpreted in terms of the charge transfer within

the barrier region.
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Chapter 7

Conclusions

    This study aimed at exploring the potential of heterovalent heterostructures, which are

characterized by electron-excess and electron-deficient bonds at the interfaces, for future

applications in optoelectronics. For this purpose, we investigated (1) how to fabricate

the heterostructures and (2) how to control the interface properties, and attempted to

extract characteristics originating from heterovalency. As the material combination to be

studied, the ZnSe-GaAs heterovalent but lattice matched heterostructure was chosen. The

growth characteristics during metalorganic vapor phase epitaxy (MOVPE) were clarified

and the procedures to tune the band offsets were established in both the ZnSe-on-GaAs

(ZnSe/GaAs) and the GaAs-on-ZnSe (GaAs/ZnSe) heterostructures. Using this tunability

of the band offsets, the control of the optical properties in the ZnSe-GaAs multilayered

quantum structures was accomplished. It should be noted that the tunability of the band

offsets and the corresponding tunability of the optical properties cannot be achieved by

conventional isovalent material systems, The obtained results are summarized as follows.

    In chapter 2, the MOVPE growth of ZnSe/GaAs was described. The growth of ZnSe

on the atomically flat GaAs surface was in either the two-dimensional (2D) or the three-

dimensional (3D) mode, depending chiefiy on the growth temperature. In particular, the

growth temperature of 4500C provided atomically flat surfaces, which were favorable sur-

faces for the atomic level control of the interface and were used in chapter 3. The variation

of the growth mode was explained in terms of surface diffusion and desorption of atoms be-

ing on the growing surface. Subsequently, the initial nucleation processes during the growth

at 4500C were investigated, which turned out to depend on the source precursor starting the

ZnSe growth. The cause for this phenomenon was ascribed to the difference of the interface

structures. However, the 2D growth was preserved irrespectively of the starting precursors,
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different from the molecular beam epitaxy (MBE) in which the Se-initiated growth brings

the 3D growth. By increasing the thickness, by which the quasi-homoepitaxial growth is

realized, the 2D layer-by-layer growth was clearly observed.

    In chapter 3, tunability of the band offsets in ZnSe/GaAs was demonstrated, That

was successfully achieved by controlling the local interface composition by means of the

Zn- or Se-exposure, or therinal etching of the GaAs surfaces followed by ZnSe growth. The

variation of the valence band offsets ranged from O.6 to 1,1 eV. The surfaces of the ZnSe thin

films were kept to be atomically flat, which is indicative of the atomic level control of the

interface atomic configuration, In order to elucidate the mechanism for the control of the

band offsets, the interface properties were examined structurally by x-ray crystal truncation
                h
rod (CTR) scattering measurements and optically by photoreflectance measurements. It

was revealed that interdiffusion within a few monolayers (1 monolayer = 2.8 A) formed the

electronic dipoles and that the dipoles bent the energy-band very steeply in the vicinity of

the interface. This band-bending, that is, electric field, induced by the dipoles exhibited

a strong correlation with the band offsets estimated by x-ray photoemission spectroscopy

(XPS), indicating its responsibility for the tunability of the band offsets.

    In chapter 4, the MOVPE growth procedures of GaAs/ZnSe were established. First,

the flow sequences of the source precursors for GaAs were optimized. The Ga precursor

decomposed into Ga metal and deposited three-dimensionally on ZnSe, indicating that the

GaAs growth on ZnSe should not be initiated with the Ga precursor. The As precursor,

on the other hand, etched ZnSe drastically. The etching mechanism was considered to

be related to the formation and evaporation of Zn3As2 and As.Sei-.. With respect to

the growth behavior of GaAs on ZnSe, it was found that the behavior strongly depended

on the growth conditions such as the V/III ratio and the growth temperature. This was

attributed to migration of Ga atoms and/or Ga-related molecules; high growth temper-

atures () 5500C) and low V/III ratios (g 5), which promote migration, resulted in the

3D Volmer-Weber growth mode, while low grpwth temperatures (S 5000C) or high V/III

ratios () 10) brought 2D growth. In particular, the surfaces of GaAs grown at 400 or

4500C were atomically flat. The realization of the 2D growth at 400 - 4500C in MOVPE

makes a striking contrast to the MBE growth in which the fiat GaAs surfaces cannot be

obtained without extremely lowering the growth temperature. The variation of the growth

modes was applied to fabrication of the ZnSe-GaAs quantum structures with fractional
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dimensionality.

    In chapter 5, control of the band offsets in GaAs/ZnSe was successfully attained. The

etching properties of ZnSe in a hydrogen ambient and in an As precursor ambient were

applied to modify the interface atomic configuration. By changing the durations of the

etching, the variation of the valence band offset from O.6 to 1.1 eV was achieved, which was

interpreted in terms of the layer-by-layer fashion of the etching. In particular, the etching

in the As ambient resulted in the periodic change of the band offsets. This indicated that

Zn and Se atoms appeared alternately on the ZnSe surface as a result of the layer-by-layer

etching and strongly supported the above interpretation. The surface of GaAs/ZnSe was

maintained to be atomically fiat during this experiment, which proved the control of the

interface atomic configuration in the atomic level.

    In chapter 6, the ZnSe-GaAs heterovalent quantum structures were fabricated and their

optical properties originating from heterovalency were characterized. By using the results

from chapters 2 and 4, the structurally well-defined quantum structures could be fabricated,

Thus, we could attribute the observed variation of the optical properties to the control of the

band offsets, which was achieved in chapters 3 and 5, without consideration of the influence

from structures. The optical properties were characterized by absorption measurements.

The optical-absorption edges were shifted toward lower energies by enlarging the difference

of the valence band offsets at both sides of the GaAs wells, indicating the presence of the

internal electric field. The theoretical prediction based on the Poisson and Schr6dinger

equations agreed well with the experimental results. It must be noted that this result

eloquently illustrates the capability of controlling the optical properties of the quantum

structure without changing its structure. Regarding the barrier width dependence, the

optical-absorption properties exhibited anomalous behavior that could not be explained by

the theoretical analyses. This unique characteristic in the heterovalent quantum structures

was ascribed to the charge transfer within the barrier region,

    We believe that the present study could contribute to development of the heterostruc-

tures in a novel category; the heterovalent heterostructures. Here, for future studies, several

suggestions are given. (1) The application of the controllability of the band offsets shown

in chapter 6 is a preliminary example. Other applications such as optical switches operated

by a light, in which the third-order optical nonlinearity due to the internal electric field is

used, might be possible. (2) The properties peculiar to the heterovalent heterostructures
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are originating from the interface bonds. In this sense, the introduction of atoms different

from the constituents of a heterostructure to the interface may bring novel properties. (3)

The material combination studied here was ZnSe-GaAs, although the guiding principle pre-

sented in this study can be applied to other lattice-matched heterovalent heterostructures

such as ZnSe-Ge, ZnS-GaP, cubic-GaN/3C-SiC, and so on, The studies on those subjects

(1) - (3) will successfully expand applicable fields of the heterovalent heterostructures.
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IX

BandEdgesunder Strain

    For the particular case of ZnSe grown coherently on GaAs along the [OOI] direction,

the strain tensors Eij•'s are expressed as

                       E..= Eyy =E= (aGaAt:zis.aZnSe), (A.i)

                              E..=-2 (gii) E, (A.2)

                             Cxy == Eyz" Ezx=07 (A•3)
where z ll [OOI], a is the bulk lattice parameter of the indicated material, and Cij's are

the elastic stiffness constants. Based on the model solid theory [1,2], the variations of the

conduction band edge (6E,S) and the valence band edges for heavy holes (6Eg,hh) and light

holes (6Ee,ih) due to such a biaxial in-plane strain are given by

                                6.Eg=E,,, (A.4)

                             6Ee,hh =Ehv-Es, (A.5)
               6Ee,,, =: Eh.-SA,+5E,+S(Ag+2A,E,+gE,2);, (A.6)

where
                   Eh, = a,(c.. + Eyy + E..) = 2a, (i - gli) E,

                   Eh. = a.(E.. + Eyy + Ezz) = 2av (i - Sli) c,

                       E, = b(E.. - c) == -b (i +22ii) c,

Ao is the spin-orbit splitting, a, and a. are hydrostatic deformation potentials of the

conduction band and the valence band, respectively, and b is uniaxial deformation potential.
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Table A.1: Physical parameters in ZnSe.

Deformation potential
       (eV)

 ac av b

Spin-orbit splitting

      (eV)
       Ao

Elastic constant
 (106 kg•cm-2)

 Cll C12

Lattice parameter
      (A)

ZnSe GaAs
-4.17 1.65 -1.2 O.43 O.826 O.498 5.6686 5.6533

    The physical parameters in ZnSe were listed in Table A.1, which are the same as those

in Ref. [2]. Using those parameters, the variations of the band edges were calculated to be

6Eg = 9.0 meV, 6Ee,hh = 3.6 meV, and 6Ee,ih : -10.5 meV. Note that the positive sign

means the increase tin energy. Therefore, as shown in Fig. A.1, the conduction band offset

(AE.) is increased by the compressive strain and the valence band offsets (AE.) for heavy

holes and light holes are decreased and increased, respectively.
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