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Abstract

This thesis presents the techniques and results of our x-ray structura! stlldics

of st>:ained Gal_zlnzAs epilayers grown on GaAs (001) by metallorganic chcmica!

vapor deposition.

By combining conventional x-ray techniques ",ith ncwly developcd glancing

incidence and refiectivity measllrements, we study both the out-of-planc and the

in-plane structure. We also obtain direct information on the mechanisms of the

structural relaxation which occurs in these systems. The techniques we have used

are based on using a conventiona! x-ray source and could be widely used to charac

terize and study growth processes and sample quality.

Using the conventiona! characterization of the positions, widths, and intensities

of Bragg peaks lattice parameters, domain sizes and strains have been evaluated.

Studying the shape of the Bragg peaks shows that the simple theoretical models

based on the existence of a critical thickness due to dislocation can not be used to

explain the structura! relaxation observed. Our results based on thin (SOO± 12À,

:I:=0.19±0.003) and thick (40000±1000À, :I:=0.16±0.01) epilayers require a compli

cated microstructure in a transition region betwecn thc substratc and thc surfacc of

the epilayers.
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Résumé

Ceüe thèse présente les techniques ct résultats de notre étude structurale par

rayons x, de couches épitaxiales de Gal_.ln.As déposées sur un substrat de GaAs

(001) par déposition chimique en phase gazeuse métallorganique.

En combinant des techniques convent.ionelles et des techniques nouvellement

développées comme des mesures par incidence rasante et des mesures de réflectivité,

nous étudions les structures extraplanaires et intraplanaires. Nous obtenons aussi de

l'information directe sur les mécanismes de relaxation structurale qui sont présents

dans ces systèmes. Les techniques que nous avons utilisées sont basées sur l'utilisation

d'une source conventionelle de rayons x et pourraient être utilisées généralement pour

caractériser et étudier les procédés de croissance et la qualité des échantillons.

En utilisant la caractérisation conventionell~ des positions, largeurs et inten

sités des pics de Bragg, les paramètres du réseau, la grandeur de~ domaines et des

contraintes ont été évalués. L'étude de la forme des pics de Bragg montre que de

simples modèles théoriques basés sur l'existence d'une épaisseur critique due aux dis

locations ne peuvent être utilisées pour expliquer la relaxation stucturale observée.

Nos résultats basés sur la couche épitaxiale mince (500±12Â, x=0.19±0.003) ei

épaisse (40000±1000Â, x=0.16±0.01) requièrent une microstructure complexe entre

le substrat. eL le. surfaœ de la couche épitaxiale.

Il
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Chapter 1

Introduction

The past decade has witnessed a fundamental change in the tecllllology of fabricating

electronic and photonic devic~s. By using epitaxi:t1 growth, many new semiconductor

materiais, such as III·V, II·VI compounds, and their alloys, have been explored

and various novel electronic ar~hitectures, such as single and multi quantum wells,

quantum wires and dots, have been constructed. In laboratories, physicists now are

able to do experirnents, which used to be "gedanklich" to our fathers [1-51.

Despite the great achievement of epitaxia! growth, "our current unc!erstanding

of the processes which control growth at a fundamental, atornic level is remarbbly

primitive". A panel of distinguished scientists in this field made ajoint report [6]last

year (1990), in which eight fundamentai issues had been identified. The structure

appearing during th" initial stages of epitaxial growth is one of them.

As conventionaily defined, epitaxial growth can be homoepitaxy provided that

the materiais of the overgrowth and the s'lbstrate are the same, or heteroepitaxy

provided that the two rnaterials are different. An ideal case of homoepitaxy means

that there will he no interface between Lh. epilayer and the substrate because thcir

structures are the same. In heteroepitaxy, the structure of the epilayer differs from

that of the suhstrate, and also differs with that of its own material in the bulk

equilihrium state. This difference is most pronounced at the epitaxial interface

1
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where the two materials contact. Because of its technological importance, and also

because of its academic interest, the structure of epilayers and epitaxial interfaces has

been systematically studied since 1949, and many models have been proposcd [7].

A historical review of the processes of epitaxial growth, the structural issue and

previous studies will be presented in next chapter.

Why is it still a problem after so many years cf studies? It has also been

pointed out by the panel: "thus devclopment of new in situ diagnostics for growth

as weil as higher resolution techniques for characterization of epitaxial materials is

greatly needed" [6]. As wc know, many ingenious techniques, such as low-energy clec

tron diffraction (LEED) [8J, reflection high energy electron diffraction (RHEED) [91,

scanning and tn,nsmission electron microscopy (SEM and TEM) [10], ion surface

scattering (1SS) [111, photo. and cathodo-luminescence (PL and CL) [12], and more,

have been p!aying important roles in the structural studies of ail phases of heteroepi.

taxy. lIowever, the high resolution, non·destructive and comprehensive structural

measurements which provide insight on the structures of buried interfaces, as weil

as their effects on the struct'lfes of epilayers have been only recently started [13-16J.

X-rays have bel'n used as structural probes for a long time, and the corre·

sponding theory, instruments and techniques are weil established [17-24]. It could

be argued that the discovery of x-ray diffraction brought forth the science of solid

state physics, but the advantages of x-rays in structural analysis had not been fully

appreciated untillast decade. X-rays have been conventional1y considered as a bulk

probe and not suitable for studying two·dimensional (2.D) structures, because the

interaction between x-rays and matter is very weak. The lack of scatterers in a

2-D system has been compensated by the abundance of photons since the late 1970s

when x-ray beams from a synchrotron were made available for applied science. Since

then, techniques of x-ray scattering have been developed for f.urface structural anal·

ysis, such as glancing incidence x-ray scattering (G1XS) and absolute ref!ectivity
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measurements (ARM) [25-38]. X-rays have been reestablised as an unique probe

for any type of atomic structure and provided an ideal tool for studying heteroepi

taxy which is virtually a complex system and possesses aspects of both 3-D and 2-D

structural features.

By using a triple-axis four-circ1e diffractometer with a 2.2 kW Cu-target tube

source and Ge(lll) resolution, we have measured the structure of Gal_zInzAs epi

layers on GaAs substrates. This is one of the most important and most interesting

systems of heteroepitaxy [39-57]. Compared with the synchrotron, the x-ray source

we have used in our experiments is a weak source. In order to fully utilize this

source, we have studied the intensity and wavclength distributions of the primary

incident x-ray beam, and their redistribution in space after f.catiering by perfect

crystals, i.e., the resolution function of the diffractometer. The principles of x-ray

scattering, the essential features of the experimental set-up, and the techniques we

have practised and developed for data collection and treatment will be described in

Chapter 3.

As an ex situ characterization of heteroepitaxy with x-my scatiering, our stud

ies are comprehensive. This c1aim is not based on the number of samples we have

investigated, but on the techniques we have used. Our studies have been concen

trated on two samples: a thin epilayer of 500Â GaO.B1InO.10As and a thick epilayer

of 40000Â Gao.B4Ino.16As, both grown on GaAs (001) substmtes by metallorganic

chemical vapor deposition (MOCVD). The thick sampie has been originally used in

our experiment as a reference for both the experimental set-up and the techniqucs,

because il, is commonly believed that the epilayer of such thickness is relaxed 1441.
The thickness of the thin epilayer lies in a sensitive region, in which different struc

tures have been reported [42,47,48,581. As being reviewcd in Section 2.4, previous

structural studies of this system as a function of thickness and indium composition of

the epilayers have been principally carried out by investigating a lot of samples with
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• various structural probes. Our work, in a sense, is a supplement or complement to

previous studies. But we have observed sorne new phenomenon and obtained sorne

new structural inf·nmation which is difficult to achieve by using other techniques.

With respect to the epitaxia! interfaces, we have measured the out-of-plane

structures with normal Bragg scattering, and the in-plane structures with glancing

incidence x-ray scattering. We have also studied the surface and interface mor

phologies of the epilayers with x-ray refiectivity measuremenLs. By controlling the

penetration depth of the x-ray beam in GrXS geometry, we have measured the evo

lution of the in-plane structure of the epilayers along the direction of growth and

obtained direct information on the structural relaxation. Our data have heen anal

ysed with conventional techniques by studying the positions, widths and intensities

of Bragg peaks to evaluate lattice parameters, domain sizes and strains. We have

also studied the shape of the Bragg peaks to investigate the modulated structure

of the epilayers. Contrary to the traditional concept of a critical thickness due to

dislocations, our data suggest a transition region of complicated microstructure he

tween the suhstrate and the surface of the epilayer to accommodate the structural

relaxation. By fitting the lineshapes of Bragg peaks to models, such as the strain

modulation within domain and correlated domain modulation, We have gair,,,J sorne

insight on this transition region. The results we ohtained will he presented and dis

cussed in Chapter 4.

Chapter 5 summarizes the work and ideas presented in this thesis.
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Chapter 2

Background

2.1 Epitaxial Growth

It was first found in nature that two different crystals sOllletimes grew together

with definite and unique relationship in their orientations. This observation led to

attempts to reproduce the effect in laboratories. According to the litcrature, the first

successful attempt was reported by M. L. Frankeaheim in 1836, who grew sodium

nitrate crystal from solution on the surface of calcite crystal [59]. It was L. Royer

who coined the term epitaxy from Greek "€7I'L" and "roçLC" in 1928 to describe this

type of orientcd crystal growth [60]. Literal1y, epitaxy llleallS "arrangement on",

which can be understood as one crystal being arranged on another crystal. It can

also be understood as one assembly of atoms being arranged on another assembly

of atoms which had previously been periodically arranged.

Frankenheim's method is defined as liquid phase epitaxy (LPE) in modern

terminology, and this was the only available technique for epitaxial growth until

1930s. Because of its simple instrumentation and fast growth rate, LPE is still used

to produce electronic materials. In LPE the substrate is brought into contact with a

supersaturated liquid solution in a temperature·controlled furnace, and the epitaxial

5
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crystal is formed by carefully cooling the melt. It has been reported recently that

the thickness of the epilayer grown by LPE can be weil controlled at the level of

te!ls of nm [61].

The monolayer control in epitaxial growth was first demonstrated in late 1960s

by molecular beam epitaxy (MBE) [621, which has been considered as the technique

mainly rcsponsible for the revolution in deviee physics. The process of growth of

MBE is simple in cOilcept. In MBE, the constituent elements of epilayer are individ.

ually heated to their evaporation point, forming a series of elemental or molecular

"beams", raining directly on the substrate in a ultra high vacuum (UHV) chamber.

The flux in each beam can be controlled individually, either by varying the evapo·

ration source temperature or by using mechanical shutters [63]. Although MBE is

a powerful technique, its wide·ranging application has been limited by the need for

UHV apparatus which is expensive in terms of both capital outlay and operating

expense. Another major problem in MBE is the difficulty to form a "beam" of

sorne e1ements, such as phosphorus. This has been found "bouncing around" in the

system during the growth and producing point defects in epilayers [64].

The principal competitor of MBE is metal·organic chemical vapor deposition

(MOCVD) whieh demonstrated monolayer scale control in the early 1980s [65]. Be·

cause of its complex process, MOCVD has proceeded somewhat more slowly than the

MBE technique. In MOCVD, one or more of the overgrowing constituents are trans·

ported to the reaetion zone in the form of metal alkyli, while the other constituents

arc usually transported as hydrides. The formation of the desired compounds occurs

via the pyrolysis of the metallorganics and hydrides and the subsequent recombi·

nation of the atomic or molecular species at or near the heated substrate. The

process can be weil controlled by fixing the f10w rates and thus the partial pressures

of the various reaetants with electronic mass f10w controllers [66J. It has been shown

that the deviees produced by MOCVD and MBE have very similar performance
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characteristics [64J. The major advantages of MOCVD over other techniques is a

suitability for large-scale production and its versatility for making ail III·V and II·

VI semiconductor compounds. These make it the most widcly emJlloyed technique

in industrial and research laboratories.

Leaving aside the many techniques and processes of epitaxial growth, let us

focus on the fundamental structural issue of heteroepitaxy. As shown in Fig 2.1,

heteroepitaxy, as the term "epitaxy" is originally defined, is essential1y a bicrys

tal system with defined orientation. Restricted by underdevcloped techniques of

both growth and characterization, the earlier structural work of epitaxy was simply

examining if the two crystals in contact, whether occurring in nature or grown in lab

oratories, had any relationship in their orientations. Barker, i. chemist, who studied

the growth of alkali halides upon each other in the 1900s c1aimed that epitaxy was

more likely to occur if the molecular volume of the two intergrowing alkali halides

were nearly equal [671. With the technique of x-ray diffraction and the concept of a

crystalline lattice, Royer carried out his extensive and systematic studies of a wide

variety of overgrowths in 1920s, and reported that epitaxy occurred only when it

involved the paral1elism of two lattice planes with lattice mismatch no more thall

15% [60]. The definition of lattice mismatch will be discussed mathematical1y in

next section.

With more and more control over the process of growth, and as thillner and

thinner epilayers were grown, people got c10ser and c10ser to the epitaxial interface.

The chronological progress of the structurlJ study of heteroepitaxy fol1ows ail ap.

proach from thick to thin which is just opposite to the real growing process. III

19405, several vapor phase growth techniques, such as vacuum evaporation, clec

trodeposition and chemical vapor deposition, were available for performing epitax.

ial growth [68]. By assuming the epitaxial crystal was grown layer.by.layer at the

atomic scale upon the surface of the substrate, Frank and van der Merwe calculated
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Figure 2.1: Epilnyer nnd Epitnxinl interface. Crystnl B is the substrate. Crystnl A is the

equilibrium bulk state of the overgrowth which the epilayer will reach eventually as its thickness

increases.
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the equilibrium ground state of epitaxial interfaces and predieled the existence of

a critical thickness of the epilayer, be!ow which the lattice of the ovcrgrowth was

strained 1.0 match the lattice of the substrate and above which dislocations would be

generated ai the epitaxial interface to release the accllmulated e!astic energy [69].

Frank and van der Merwe's original work has dominated most subsequent treat·

ment of epitaxy, and the struelural issue of heteroepitaxy has been focused on the

identification and characterization of misfit dislocations at the epitaxial interfaces

1.0 examine the critical thickness predication among various systems [701.

Because of the significant discrepancy between theoretical calclliations and ex·

perimental measurements, Frank and van der Merwe's mode! has been modified and

improved, and sorne new models have also been proposed, to explain the experimen·

tal observation [43,71-73]. With more quantitative description in terms of lattice

mismatch, interfacialand strain energies, these mode!s will be briefly reviewed later

in this chapter.

Major progress has occurred during the last decade in our fundamental under

standing of the struelural and dynamical properties of crystal surfaces, the physics

of wetting and adsorption, the kinetics of phase transitions and etc, revealed the

primitivity of our previous knowledge on heteroepitaxy [6,74-76]. The surface of

the substrate, which acts as the template for epitaxial growth has much more com·

plicated structure than thal. previously thought. The pure 2-D growih, i.e., the

layer-by·layer growth (Frank.van der Merwe mode), is only a very special case un·

der zero lattice mismatch between the overgrowth and the substrate or under kinetic

constraint on mass transport [77-801. Heteroepitaxial grown epilayers are more often

energetica1ly favorably formed via 3-D island growth on the hare suhstrates (Volmer.

Weber mode) or on microscopical1y thin layers initially adsorhed on the suhstrates

(Stanski-Krastanov mode) [81J. Surface and interface roughnesses introduced via

island growth make the structure of epilayers and epitaxial interfaces complicated.
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Although heteroepitaxy is a complex system with many variables, it can be

principa1ly separated into static and kinetic components. The current structural

issue of heteroepitaxy can be technically treated as a static problem with kinetic

perturbation to take care of the residual effects of growth. Based on this ide".

the structural issue of heteroepitaxy will be discussed more specifica1ly in the next

two sections with the concepts of incommensurate modulation and critical thick

ness, which correspond to the in-plane and out-of-plane structures of the epilayers

respectively.

2.2 Incommensurate Modulation

An essential feature of heteroepitaxy is the lattice mismatch between the two ma

terials which form the overgrowth and the substrate, respectively. For modeling an

epitaxial interface, let us consider two 2-D square lattices, lattice E on the top of

lattice S, with the principal axes x and y in parallel, as shown in Figure 2.2. The

lattice constants of E and Sare denoted as a. and a, respectively. The vertical

spacing between these two lattices is denoted as ai, which is comparable with the

lattice constant a. or a,. The percentage difference of the two lattice constants,

ae - a.f = X 100%,
a,

(2.1)

is defined as the lattice mismatch provided that both a. and a, are the lattice

constants in their equilibrium states. The parameter f is also defined as the incom

mensurability between these two lattices if one of them, say a., changes continuously.

Because they are square lattices, the value of f is the same along bath the x and

y axes. The mutually registered lattice points in E and S form a coincidence-site

lattice (CSL) [821 with period

(2.2)
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1.

whieh is reeiproeally proportional to the value of lattiee mismateh. Equation 2.2

should exclude the case of f = 0, whieh only oeeurs when lattiee constants a. and

a. equal, such as in homoepitaxy. As illustrated by Figure 2.2, the misregistrations

of lattiee points between these two lattiees ean also demonstrate periodicity, as

indieated by Lquation 2.2.

Teehnieal1y, lattiee E ean be eonsidered as the first monolayer of the overgrowth

and lattiee Scan be eonsidered as the surface of the substrate. The lattice points

in one lattiee could move to aehieve better registration to their nearest neighbors

in the other lattice. The result in a modulated structure, whieh is eonventional1y

called ineommensurate modulation. For simplieity. the lattiee Scan be regarded

as rigid in spaee and providing a 2-D periodie field, and only the lattiee points of

lattiee E, i.e., the atoms of the overgrowth, will be rearranged to lower the interfaeial

energy eaused by the lattiee mismateh (or ineommensurability). Based on a simple

sinusoidal model proposed by Frenkel and Kontorowa [P3], the potential energy of

lattiee point [n, ml in lattiee E may be written as

1 [ (27l'X nm )] 1 [ (27l'Ynm)]Vnm = 2' Wz 1 - cos a. + 2' W. 1 - cos a. ' (2.3)

where Xnm and Ynm its the displaeements from a potential minimum of the substrate

field and Wz and W. denote the strengths of inter·lattiee chemical bonding along

axes x and y respectively. The minimum of Vnm is only reached when the lattiee

point [n, ml is best registered to one of the lattiee points in lattiee S, sueh as at CSL

points. The interfacial energy of this system ean he obtained by summing over the

potential energies of all lattiee points in lattiee E. The movement of lattiee point

[n, ml to lower the interfacial energy causes line'lf and shear strains in lattiee E,

whieh are defined as

[

(2.4)
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and
Yn+l,m - Ymn + Xn+l,m - ;Cmn

f ZJI = .
a~ a~

The strain-energy density per lattice point may be written as [84]

_ ~ 2 [2( E; + E~ + 2Vf, E.) 2 ]
U - 2/La. 1 _ v + E,. '

13

(2.5 )

(2.6)

where /L, v represent the shear modulus and Poisson's ratio of the materinl of the

overgrowth. The minimum of U is only reached when the strains in lattice E are

zero. The totnl strain energy in lattice E can be obtained by integrating ovcr the

whole lattice.

If the interfacinl energy dominates completcly, ail the lattice points in E may

be rearranged to fit the lattiee of the substrate. In this case, the strains in both :t

and y axes equnl the lattice mismatch,

(2.7)

The negative sign appeared in Equation 2 1 imp!ies that the strains cali actually

eliminate the incommensurability between these two lattiees. This is the case

conventionally called "pseudomorphism", provided that the additional layers are

strained to match the previous layer in the same way during tb growth [691. The

corresponc:ing expansion of out-of-plane lattiee spacing, E" caused by the in-plane

lattice contraction for a cubie lattice may be ca1culated with classicnl elastie theory,

-2v
f: = -l--E,.

-v
(2.8)

This relation has been frequently used to examine the "pseudolllorphism" of hd

eroepitn:·jnl crystnls because of experimental difliculties in directly measuring E, and

E. [85,86].

If the strain energy of lattice E dominates completely at the interface between

these two !attices, i.e.,

(2.9)
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(

(

there should be no epitaxy because the substrate has no effect on the atomic ordering

of the overgrowth. Obviously, Equation 2.7 and Equation 2.9 present only the two

extremes of a range of possibilities.

In general, the competition between the interfacial energy and the strain energy

results in a modulated structure at the epitaxial interface. One of ideal modulated

structures is presented by a monolayer of atoms adsorbecl on an incommensurate

substrate, as illustrated by Figure 2.2 and Figure 2.3. In this case, the modulated

monolayer usually consists of an assembly of domains, which can be locally coherent

with the substrate, separated by incoherent regions that are naturally called domain

walls [87]. The formation of domain walls has been commonly used to describe the

commensurate incommensurate (C-I) phase transitions in systems with competing

interactions [88-90]. In heteroepitaxy, the modulated structure can be resulted

from layer by layer growth, or from island growth (ref: Section 2.1). In principle,

the behavior of Coi phase transitions is considerably different in three dimensions

(3-D) and two dimensions (2-D), which may result in a complicated microstructure

in the epilayer. However, the 2-D nature of Coi phase transition usually dominates

at the initial stages of heteroepitaxy.

In equilibrium state, the thickness of domain w".li usually depends on the

atomic interaction at the epitaxial interface. The wall can be as thick as the size of

the domain if the lateral interaction within lattice E is strong, or can be as thin as one

row of atoms if the interaction between lattice E and lattice S is strong. The atoms

can also displace out of the lattice plane, as shown in Figure 2.3 in order to lower the

free energy. With the classical evaluation of the interfacial energy anù elastic energy,

as indicated by Equation 2.3 and Equation 2.6, the domain walls should disappear

for a monolayer grown on a substrate of infinite thickness, by means of a uniform

macrostrain, which is given by Equation 2.7. With a simple microscopic point of

view, and only considering nearest neighbor interactions, the positions of atoms
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Figure 2.3: The rearrangement oflattice points in InUite E resnlts in lIIodnlnted structure which

consists of correlnted domains with period p.
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can be locally adjusted to lower the energy by means of a non-uniform microstrain,

which in principle lead to thick domain walls. In the latter case, there may be

no macrostrain in the overgrowth and the period of domain structure equal to the

period of a CSL lattice. This is indicated by Equation 2.2 and shown in Figure 2.3.

In real systems, buth macrostrain and microstrain may exist in the incommensurate

phase of the overgrowth, and thus result in an incommensurate modulation. Even

though the structural modulation may be quite complicated, the period of domain

distribution can be generally estimated by the residual incommensurability of this

system through the equation,

a·
Pj(Z) = f J ()'

- €j Z
(2.10)

where Z denotes the growth axis along which the macrostrain may change, and j

denotes the in-plane axis :z: or y for a possible asymmetrical in-plane modulation.

The thickness of the domain wall is approximately proportional to the value of

microstrain.

The periodicity of domain distribution and properties of domain walls can be

affected hy the roughness of the suhstrate surface and hy 3·D island growth. Il can

,ùso he affected by defects at the substrate surface, such as steps and kinks. In cur

rent structural studies of heteroepitaxy, these effects can he technically considered

as perturhations to the intrinsic properties of heteroepitaxy. In next section, we will

review sOllle theoretical models which have been previously proposed to evaluate the

structural evolution of the epilayer along the direction of epitaxial growth with the

concept of critical thickness.
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2.3 Critical Thickness
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As mentioned in last section, heteroepitaxy is formed by means of arranging atoms at

the epitaxial interface to lower the interfacial energy caused by the lattice mismatch

between the overgrowth and the substratc. But this atomic arrangement increases

the elastic strain energy of the epi!ayer. The elastic strain energy increases with the

thickness of the strained epi!ayer, and eventually leads to structural relaxation. The

structure of epilayers in heteroepitaxy has been traditionally treated as two phases:

strained and relaxed, and the parameter to measure the phase transition is the

thickness of the epilayer. Generation of dislocations, or in otller words, formation

of domain walls, is usually used to describe the mechanislll of structural re!lLxation.

Frank and van der Merwe (F-v) assumed that the total energy Et of heteroepi

taxy was a summation of the homogeneous strain energy E,. and the dislocation

energy Ed of the epilayer, which was minimum at equilibriulll 1691. The disloca

tion energy is merely the summation of interfacial energies over the dislocation lines

where the lattice points are misregistered, as indicated by Equation 2.3. For the

epilayer grown on the (001) face of Silicon-like crystals, these two energies have bcen

calculated as [84),

and

1 + Il 2
Eh =2/l--e h,

1-11
(2.11)

(2.12)

,-.

Ed = 47r(;~ Il)p [1 + ln CJ2~b-Il) L) ],
where h is the thickness, L is the lateral dimension of the epilayer, bis the value of

Burger's vector, p is the averaged distance between dislocation Iines, or period of in

plane domains as mentioned in last section. For simplicity, the in-plane asymmetry

has not been considered in evaluating the average domain sizes along axes", and

y. By differentiating Et with the condition of "pseudomorphism", as indicated by

Equation 2.7, the critical thickness h, is related to the lattice mismatch f through
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an implicit equation [84,91)

1 [ (2)2{1 .- v) )] _ 811"{1 + v)
he 1 + ln 1I"b 2he - b f·

18

(2.13)

(2.14)

(

(

Equation 2.13leads to the dotted curve show~. in Figure 2.4 for the theoretical critical

thickness of Gal_.ln.As epilayers grown on GaAs substrate. The value of Poisson's

ratio v used in the calculation is 1/3, which is commonly used for III-V compound

semiconductors [92]. The Burger's vector used is 1'[110], where ao = 5.6533Â, is

the lattice constant of GaAs crystal [49]. The value of he in terms of f based on F-v

model is about half smaller than the photoluminescence (PL) measurement [48], but

about one order as small as the structural relaxation measurement with x-rays and

ion scat tering [79,47].

In early 1970s, Matthews and Blakeslee had proposed a model, which is usu

ally called the mechanical equilibrium model [72]. Matthews and Blakeslee (M-B)

suggested that the misfit dislocations were introduced through the glide of threading

dislocations, which required excess stress O"c. for driving the relaxation process. The

stability limit was given by O"c. = a and the critical thickness for epilayers grown on

GaAs (001) could be calculated with [93]

..!..ln (4he ) = 411"(1 +v) f,
he b (1 - vcos 2j3)b

....here j3 is the angle between the dislocation line and Burgers vector. The three

.lashed lines illustrated in Figure 2.4 are calculated with Equation 2.14, in the case

of j3 equals 0·,60· and 90· respectively. The lower curve in the figure is corresponding

to the smaller valu~ of j3. It is obvious that the generation of screw dislocations at

the interface requires the smallest energy. M-B's curve agrees reasonably weil with

the PL data, but does not agree with the x-ray data.

In 1985, People and Bean (P-B) suggested another model, which has been

conventionally called as the energy balance model [72J. In P-B's model the misfit
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Figure 2.4: The criticalthickness ofGal_.ln.As epHayers grown on GnAs substrates. The dotted

line is ealculated with Frank-van der Merwe's modcl, the so!id line is cnlculated with People-Denn 's

model, and the lhree dashed Iines are calculnled wilh Mntthews-Dlakeslee's mode! in lhe case of

(3 equals 0·,60· and 90· respeetive1y. The lower dashed line is corresponding la the smnller value

of (3. The full squares are x-ray dnln laken from Orders and Usher's pnper [47J. The open squnres

are phololuminescence (PL) data selecled from Weng's paper [481.
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(2.15)

(

(

dislocation generation is determined solely by strain energy density of the epilayer

in excess of the energy density associated with the formation of a screw dislocation

at a distance from the free surface equal to the film thickness h. The strain energy

density has been given by Equation 2.11, and the energy density associated with an

isolated screw dislocation at a distance h from a free surface is approximately [94J

p.b2 (h)
E.d ~ 871"V2a ln b '

where a is the lattice constant of the overgrowth. Equating Eh and E.d and setting

h= he, one obtains

..!.-ln (he) = 3271"(1 +v) f2. (2.16)
he b (1 - vJb

Approximating a as ao, the GaAs lattice constant, the critical thickness of P-B's

model is ilIustrated by the solid line in Figure 2.4. P-B's curve agrees with the x-ray

data pretty weil, but obviously does not agree with the poL data.

Different theoretical calculations and different experimental measurements,

which should one believe? Contributing to this perplexity are two factors: a) the

resolution of the measuring techniques is not high enough, and b) the equilibrium

may not have been reached under experimental conditions used. Dodson and Tsao

proposed a plastic relaxation mode! in 1987 [731. According to the Dodson-Tsao

model, the motion of a small density of pre-existing dislocations in an applied strain

field results in the generation of more dislocations through dislocation multiplication

and results in plastic flow. The total amount of strain re!axed is a funetion of both

temperature and time, and denoted as, = ,(t, T), and therefore 50 could the value

of he. Combining Equation 2.14 and Equation 2.16, the following simple empirical

formula can be used to calculate the critical thickness,

1 (4he(/)) 2
he(/)ln b = A(/)f +B(/)f, (2.17)

(

where the values of the coefficients A and B depend on the resolution of the measur

ing technique and, parameterizes any non-equilibrium effeet. In the case of A = 0,
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Equation 2.17 reduces to the equilibrium fOrIll, Equation 2.14, which implies that

the resolution of the experimenta! technique is so high that it is able to 'see' the

onset of the first misfit dislocations created. In the case of B = 0, Equation 2.17

reduces to the form of Equation 2.16, and implies that the non-equilibrium effect

obstructs the process of structura! relaxation.

Ga'_zInzAs is one of the most important semiconductor materia!s and the junction

of Ga'_zInzAs /GaAs is one of typicpJ systems of heteroepitaxy. The In composition

:c in the Ga'_zInzAs alloy can be adjusted from 0 to 1 to produce materia!s of elec

tronic properties between GaAs and InAs. In its equilibrium bulk state, the band

gap of the Ga'_zInzAs alloy is linearly determined by the value of :c and covers the

range 0.9-3.0 J.Lm of the electromagnetic spectrum, which is of practical interest for

infrared-emitting diodes and detectors [95,961. In "ddition, the small electron effec

tive maSS for Ga'_zInzAs gives electron mobilities and peak vc10cities considerably

higher than for GaAs [971. The heterojunctions of Gal_zInzAs /GaAs, in which the

Ga,_zInzAs epilayers are usually thin and strained, are superior materials for high

frequency field-effect transistor (HFFET), heterojunction bipolar transistor (IUT),

and high electron mobility transistor (HEMT) devices [64].

The early MOCVD Gal_zInzAs growth studies used trimethylgal1ium (TM Ga),

trimethylindium (TMIn) and arsenic hydrides as the sources in atmospheric-pressure

reactor [39,981 (ref: Section 2.1). The basic reaction governing the formation of

Ga'_zInzAs can be written as

:c(CHahGa + (1 - :c)(CHah1n +AsHa --> Gaz1nl_zAs +3CH4 • (2.18)

It was found that the pressure resulted in parasitic reactions yielding low growth ef

ficiencies and poor materials properties [99]. A major advance was the change to low
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pressure (75 Torr) by Duchemin and coworkers [100]. This eliminated the prereac

tion problems and led to the excellent results of Razeghi and Duchemin [101]. Arter

decades of studying and improving, the MOCVD growth of Gai_zInzAs epilayers

on GaAs substrates is now almost a technique of state-of-the-art and produces high

quality electronic materials which are comparable with that grown by MBE (ref:

Section 2.1) [55,102].

Aithough Gai_zInzAs is a ternary alloy oflll-V elements, it can be assigned a

lattice because the In atoms are randomly distributed [40,481. As indicated by the

table of e1ements, indium atoms have the same e1ectron configuration as gallium (Ga)

atoms, but with 18 more e1ectrons in a full inner sheU [103]. The chemical bonding

between indium and arsenic (As) is essentially the same as that between gallium and

arsenic [104]. Because of the random distribution of In atoms, the Gai_zInzAs alloy

can be regarded as a compound of As and Gai_zInz , an effective atom with the

weighted average number of e1ectrons and forms the same type structure of GaAs (or

InAs). Both GaAs and InAs crystals have zinc-blende structure but with different

lattice constants, which are 5.6533Â and 6.0585Â at room temperature respectively

[85]. The lattice constant of Gai_zInzAs at the equilibrium state obeys the Vegard's

law [85,40] and can be calculated as

a = 5.6533 +OA051x(À), (2.19)

1

"

where OA051Â is the difference of lattice constants between InAs and GaAs crystals.

Equation 2.19 directly gives us a formula to calculate the lattice mismatch of het

erojunction of Gai_zInzAs /GaAs in terms of the In composition x by f = 7.166x%

(ref: Equation 2.1).

The first systematic structural study of MOCVD grown Gai_zInzAs on GaAs

substrates was carried out by Nagai [40]. Naga.: studied a series of Gai_zInzAs epi

layers with x between 0.5 and 1.0 and thicknesses 5-10 p.rn and reported his obser

vation of lattice deformation and inclination of the epilayers by using conventional
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x-ray technique. This technique is alternatively called as normal Bragg scattering

in this thesis and will be discussed later in detail in Section 3.2.2. By studying

Ga'_zInzAs on GaAs, and also other systems, such as Ga,_zlnzP and GaAszP 1_ z ,

on GaAs or GaP substrates, Œsen and Smith pointed out that misorientation and

tetragona! distortion of epilayers are general phenomena of heteroepitaxy of III·Y

compounds, and related these phenomena to lattice mismatchs between the epilay

ers and substrates by means of elastical theory of crystals [85]. In Il review paper

about the growth eifects in the heteroepitaxy of III·Y compounds, ülsen and Etten

berg summarized the previous theoretical and experimental studies and pointed out

another general phenomenon of asymmetric dislocation introduction [861. When

a III·Y compound was grown on the (001) faces of another IIl·Y compound, the

misfit dislocation was initial1y formed only along one (110) direction but not along

the orthogonal one. Abrahams et al. had actually reported their observation about

asymmetrical1y distributed dislocations in Gal_zInzP and GaAszP 1_ z (001) epilay.

ers earlier and stated that the mislit dislocations tend to be uniformly distributed

in one (110) direction, while there was a marked tendency for periodic banding

of the dislocations in the other (110) direction [105). Abrahams et al. attributed

this asymmetry to the chemical non·equivalent of the termination of the extra half

planes of 60· dislocations at the the III-Y epitaxial interface. For example, the

extra half·plane of dislocation along one (110) direction was terminated with a row

of atoms of group III, and the extra half-plane of dislocation along the orthogonal

(110) direction would be terminated with a row of atoms of group Y. The lirst set

of dislocation was delined as a type, while the second set of dislocation was delined

as f3 type, and their mobilities could be quite dilferent as reported by Kuester et al.

for GaAs crystals [106].

The asymmetries in dislocation densities, surface morphology, and strain of

MBE grown Ga'_zInzAs epilayers on GaAs (001) substrates as a function of indium
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composition and layer thickness were furtherly investigated by Kavanagh et al. by

using transmission eleclron microscopy (TEM), medium energy ion blocking (MEIB)

and double-crystal x-ray diffraclometry (DXD) [491. TEM studies showed that 60·

0: dislocations formed first in only one (110) direction at the interface for thin epi

layers (900 and 1600 À and x = 0.07). But asymmetry in residual strain was not

detected by DXD in these samples. In the epilayers thicker than 3000À (x = 0.07),

orthogonal arrays of dislocations (60· and edge type) were observed with equal den

sities. But both MEIB and DXD indicated asymmetry in in-plane strain for these

thick epilayers. Based on their results, Kavanagh et al. pointed out that 60· Burgers

vectors were restricted to one or two of the four possible Burgers vectors when the

epilayer was thin and asymmetrically distributed when the epilayer was thick. In

addition, the edge type dislocations with asymmetric densities were observed in the

thick epilayer which might compensate the asymmetry of dislocation densities of 60·

type, and produced a dislocation network with about the same densitics along the

two in-plane orthogonal (110) directions.

More plan-view TEM analysis of MBE grown Gai_zlnzAs /GaAs strained

epilayer was performed by Dixon and Goodhew [531. They reported their results

that there were two critical thicknesses (ref: Seclion 2.3), corresponding to the

turnover of threading dislocations and the nucleation of new dislocations. And

they also pointed out that not all interfacial dislocations acled to relieve the misfit

strain. Recent TEM studies on the formation, interaclion and propagation of misfit

dislocations at MBE grown Gai_zlnzAs /GaAs heteroepitaxial interface have been

carried out by Chang et al. [50]. Chang et al. reported that with the strained

systems of less than 2% lattice mismatch, the majority of the misfit dislocations

were confined at the same heterointerface after the elastic strain relaxation. Most

of the misfit dislocations were found to be mixed dislocations with Burgers veclor

of a/2(110) type at 60· to the dislocation line. Sessile type edge dislocations could
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also originate from the combination of two 60' mixed dislocations. Numerous sessile

edge dislocations were generated during the later part of the elastic strain relaxation

through climb or interaction processes. The interfacial dislocation network was

found to contain regions of dislocation with the same Burgers vector that extend over

several micrometers. The structural evolution of the strained Gal_.ln.As epilayers

on GaAs (001) at initial stage of MBE has been recently studied by Snyder et al

by using in situ scanning tunneling microscopy (STM) and refiection high energy

electron diffraction (RHEED) [107J. They observed the elfect of strain that resulted

in a 2-D rippled surface in the initial stages and then turued to be a 3-D island

morphology during the growth of the epilayer, and pointed out that significant

strain relief might be accommodated by coherent islands.

Many experimental data on the structures of Gal_.ln.As /GaAs heterojunc

tion have been collected by various techniques since Nagai, and most of them have

shown the same features on dislocation interaction and lattice relaxation when the

epilayers are thick (thicker than P-B's h" ref: Section 2.3) and with high densities

of dislocations. The dislocations are usually studied by TEM and the lattice re'

laxation is usually measured by conventional x-ray techniques and their results are

compatible. With thiner epilayers (thiner than P-B's he and thicker than F-v's he,

ref: Section 2.3), the dislocations can be seen by TEM, but the corresponding lat

tice relaxation has not been detected by x-ray scattering. Because of the techniques

needed to prepare thin samples for TEM studies, there is always the worry that

different effects are being studied. Photoluminescence (PL) is extremely sensitive

to the defects of the epilayer and may provide a low limit of probing the onset of

dislocations. The PL data collected by Weng [481, as shown in Figure 2.4, seems to

agree 'luite weil with M-B's he. But there is little structural information that can be

extracted from PL data, because the line widths are sensitive to material uniformity

on the scale of the carrier diffusion length or the probe spot size, whichever is larger.
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The typical dimensional resolution of PL measurement is about 1 /lm.

With x-ray scattering, one should be able to "see" the lattice relaxation, and

possibly also "see" the onset of dislocations. High resolution and comprehensive

x-ray measurements should help to resolve sorne these problems. To this end, we

need not only a good understanding of the system and the issue, but also a good

understanding of the principles and techniques of x-ray scattering.
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Chapter 3

Experiment

3.1 Principles of X-ray Scattering

X-rays are electromagnetic radiation with wavelengths on the order of 1 Â, and have

been used to probe the atomic structures of condensed matter since the phenomenon

of x-ray diffraction was first observed in 1912 [108,17]. The coherence length of a

weil monochromated x-ray beam is on the order of 1 p.m, and in principle is able to

reveal any microstructures up to such a length scale.

The fundamental process of x-ray scattering is the e1ectromagnetic interaction

between x-ray photons and atomic electrons which Ims been best described by the

theory of quantum electrodynamics [109J. Because the nature of atomic structural

studies with x-rays is the coherent summation of e!astic scatterings from different

scatterers, a classical treatment of the scattering process with proper quantum cor

rection is easier to understand and more appropriate to be used to describe the

principles of the experiment.

The elemental "building blocks" of condensed matter are atoms, and each of

which consists of certain number of electrons and one atomic nucleus. As shown

27
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in Figure 3.1, the elastic scattering of x-rays is usually expressed as a function of

the momentum transfer, q, which is defined by q = ka - k i , the difference hetween

wavevectors of the scattered and the incident x-rays. The plane defined by ka and

k i is called the scattering plane, and the vector q is also called the scattering vector.

The cross-section of x-rays elastically scattered by a free electron is given by the

well-known Thomson scattering equation [23],

du( q) 1 = 2 P(q)dO r o ,
de

(3.1)

(3.2)

f..

where ro = e2/mc2 = 2.82 X 1O-13cm is the classical radius of the electron and P(q)

is the polarization factor. With respect to the scattering plane, the polarization

factor P(q) can be written as

P(q) = ~ [1 +1(1_2~2)2] ,
where k is the magnitude of k; or ka, and 1 is the polarization coefficient of the

primary incident beam, which is defined as the ratio of x-ray intensities of the

parallel component to the perpendicular component. For an unpolarized beam, 1

equals 1. Eq 3.1 can be equally used to describe the x-ray ciastic scattering of

the atomic nucleus by substituting the charge and mass of the electron in ro with

those of the nucleus respectively. This shows that the x-ray scattering cross-section

of nucleus is million times smaller than that of electrons and can be ignored in

atomic structural analysis. Recent measurements of nuclear resonant scattering are

exception to this [nO].

The cross-section of x-rays scattered by a single atom with thermal vibrations

can be written as

d:~q) 1 = ro2 P(q)lf(qWe<u'>q', (3.3)
atm

where f(q) is the atomic form factor, e<u'>q' is the Debye-Waller factor and (u2 )

denotes the averaged square of atomic vibration magnitude. The atomic form fac

tor represents the distribution of electrons within the atom and can be generally
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Figure 3.1: X-ray "<attering. The wavevectors of incident and scattered x-rays are denoted as

k i and ka respectively and define the scattering plane. Theil difference is the momentum transrer

of the x-rays. It is called the scattering veetor and denoted as q. 2: li represents the assemblnge

of atoms which scatter x~rays.



CIIAFTER 3. EXPERIMENT

expresscd by

f(q) = fo(q) + b.f'(q) + ib.f"(q).
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(3.4)

(3.5)

(

The first term, fo(q), is the classical term obtained by assuming that electrons are

continuously distributed inside the atom with spherical symmetry. The second and

third terms in f(q) represent the dispersive corrections due to both the quantum

energy levels inside the atom and the outermost electrons which may spread over the

sample, such as in metals [231. The maximum value of fo(q) is the atomic number

of the atom when q = 0, i.e., fo(O) = Z. The magnitude of dispersive correction is

usual!y less than a few percent for x-rays.

A coherent summation of scatterings from an assemblage of atoms can be

directly generated from Eq 3.3,

1 N 2

d~~q) = 7'02p(q) LSj(q)/;(q)ei'l.r;e~<uj>q' ,
Ieoh j=l

where the subscript j denotes an individual atom j located at the equilibrium posi

tion rj and N is the total number of atoms within the coherent region determined

by the coherence length of the incident x-ray beam. The two new factors appearing

in Eq 3.5, are Sj(q), cal!ed the coherence factor in this thesis and eiq.r;, called the

phase factor. They bear the information of the configuration of this assembly of

atoms and play important roles in the analysis of x-ray techniques and structures.

In a real experiment, the illuminated volume of the sampie is usually 'Iluch

larger than the coherent region of the incident beam. Thus an incoherent summation

of the scattering from al! coherent regions within the illuminated volume is required

to calculate the intensity. The total scattering cross-section may be obtained by

integrating over the illuminated volume x, and written as

dO"(q) -1 dO"(q, x) 1 I(X)d~- ~ (3.6)
dn , dn coh X coh '

where I(x) is the x-ray intensity distribution over the illuminated volume, and X coh

is the size of a single coherent region of the incident x-rays. The x-dependent



CHAPTER 3. EXPERIMENT 31

integrand, do-à~" Lh' denotes that the scattcring patlcrns may change ftom region

to region due to local structural fluctuations. Il has becn reportcd reccntly thatthis

fluctuation can be experimentally studicd with cohcrcnt x-rays [Ill].

In the normal case of structural dctcrmination, the fluctuations have bccn Iwer

aged over the whole illuminated volume of the sampie, as indicated by Equation 3.6,

and therefore only the global structural fcatures arc revealed. Whcn delermining tlll'

desired structural parameters, such as latlice constants and crystal types, the issnc

of the coherent region is unimportant. The cohcrcnt summation in Equation 3.5 is

usually taken over ail the scatlerers of thc whole illuminatcd volumc of thc sampie

for simplicity.

The coherence factor in Eq 3.5 for atom j can be considcrcd as thc ratio of thc

scattering amplitudes scattered by the samc atom i.e., atom j, with and without

the existence of ail other atoms. The cxplicit fOrIn of the bcam factor can be worked

out under approximations which can be properly chosen according to the structurlll

and geometrical features of the sam pie and also the techniques of x-my scattering

involved.

As indicated by Eq 3.3, the interaction between x-rays and atoms is very weak

and an approximation of considering only single sCllttcring is natuml and reasonllble.

Under this approximation (Born approximation), the bcam factors are same for ail

atoms and equal to l, i.e.,

(3.7)

In this case, Eq 3.5 is reduced to

.:-C.

where
N

F(q) = L f;(q)e~<uj>'" eiel ·r,
j=l

(3.8)

(3.9)
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can be regarded as a generalized structure factor of the sample. Eq 3.8 presents

the principle of kinematical theory of x-ray scattering and its conceptual simplicity

shows the fundamental advantage of x-rays in atomic structural studies.

In a crystal, ail atoms are periodically arranged. The structure factor F(q)

is greatly sirr.;>lified by using translational symmetry. The scattering pattern deter

mined by Eq 3.8 has the same symmetry in q-space with periodically distributed

scattering intensity maxima, which are usually called Bragg peaks. If the order

ing of atoms is modulated, the scattering pattern in q-space is also modulated, but

in a reciprocal way. The shape of Bragg peaks can provide us the information of

larger scale structures which have been superimposed on the fundamental ordering

of atoms.

If the atomic ordering in a crystal is perfect up to a macroscopic length scale,

say a perfect crystal, the Bragg peaks calculated by Eq 3.8 are basically S-functions

in q-space. This does not agree with experiment. Because of the perfect ordering of

scatterers, the collective eifects of multiple scattering in a perfect crystal can not be

ignored. In this case, the beam factor Si( q) must account for the effect of interference

between the primary incident x-rays and the scatte"ed x-rays by ail atoms within

the coherent region except that by atom j. The theory of x-ray scattering originally

developed for perfect crystals is called dynamical theory. !ts principal correction to

the kinematical theory is a width to the Bragg peaks called the Darwin width [23].

The value of Darwin width is determined by the atomic density of the material

and the wavelength of x-rays [112]. The existence of a Darwin width can also be

understood as the result of a rapid attenuation of x-ray intensity inside the sample

under Bragg conditions. The explicit form of beam factor Si(q) for perfect crystals

can be worked out in principle by solving Maxwell equations in an electric medium

of periodic permittivity [1131.

As sl,own in last chapter, the geometric feature of heteroepitaxy is a thin film
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Figure 3.2: X-ray opties. The refraction indices of air, the epHuyer nnd the substrate nre denoted

as nO I nt and n2 respectively. The misalignmcnt between the surface normal and the axis z defined

by the crystal axis of the substrate is due to the meehnnienl miseut.
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on a crystalline substrate with an extended surface, and its structure should be

studied both in-plane and out-of-plane. Another effect of multiple scattering which

occurs whenever the projection of the x-ray momentum transfer q along the sample

surface normal is very small, i.e., glancing incidence scattering, has been used to

study the in-plane structures [25].

The surface normrl of the sample is denoted by il, as shown in Fig 3.2, which

may not agree with the z-axis of the sampie coordinate system defined by the prin

cipal crystallographic axes of the substrate. The angle between il and the axis z

usually equals the surface miscut. When the component of scattering vector q along

the surface normal i.e., q, has been set to he very small, x-rays are no longer sensitive

to the electron density change of the sampie on an atomic scale, and the sampie can

he treated as a macroscopic optical medium. The x-ray index of refraction, nI, of

the medium 1 is proportiona! to the atomic factor of atoms, and can be written as

( (3.10)

with

(3 = .EJ...t:. ~I/(O)
1 2k JI ,

where k is the magnitude of the wavevector of x-rays in vacuum, PI is the atomic

density of medium 1. For compound materials, an effective atomic form factor and

atomic density can be used to define the refraction index. Total refiection occurs at

interfaces whenever x-ray photons attempt to enter a less optically dense medium,

provided that the value of q, is smaller than a critical value [18,114J.

The relation between q's in different optical media, say ni and n m , with com

mon interface follows Snell's law, which can be stated as

(3.11)

(

In our study, the refraction index of air, the epilayer and the substrate are denoted

as no, nI and n2 respective1y, as shown in Fig 3.2. Since no = 1, the critical value of
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(3.12)

'.

,~

'.

q. at the top surface of the sample, denoted as qOlc, can be easily worked out to be

2k,J26;, from Equation 3.11. The penetration depth of the x-ray evanescent wave

for the sample surface, denoted as AOl is given by [115]

1 . 1 1/2
A01

1 = y'2(V(q5. - q;;S + 4(2k)4.e~ + q~lc - q~.) .

As indicated by the equation, the penetration depth is controlled by qo" the surface

normal component of q in air. When AOl is larger than the thickness of the epilayer,

x-rays cross the epitaxial interface and enter the substrate. The penetration depth

of x-rays for the epitaxial interface A12 takes the same form as A01 in Eq 3.12 by

merely changing the subscripts of the two media correspondingly.

Under the glancing incidence alignment, the explicit form of the beam factor

in Eq 3.5 is a function of q" which can be worked out with Distorted Wave Born

Approximation [116,36]. If the miscut angle of the surface to the crystal plane

of substrate is zero, i.e., q. = q" and under the condition of specular scattering,

i.e., qz = 0, qy = 0,

(3.13)

where 0'01 denotes the rms value of roughness at the surface of the sampie. Because

the interface between different mediums may not be atomically fiat, the roughness

can be approximated by a Gaussian distribution, and gives a term which is similar

to that from thermal motion of atoms. Eq 3.13 is, aside from the roughness term,

the well-known Fresnel transmission coefficient and the contribution of individual

atoms are not distinguished.

A general form of the beam factor with qz i' °and/or qy i' 0, which includes

both the non-sp~rularscattering and the small meclmnical miscnt angle between the

z axis and the surface normal il of the sample, as shown in Fig 3.2, can be derived
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from Eq 3.13,

S.( ) =~ 2q,_
J q 2 2

q,- + ..;q,- - qOle

36

(3.14)

where

(

q~ + ";q;, + q~";(2k)2 - q;,
q,+ = ./ '

Vq;, + q~ + q;,

q; _ ..;q;, +q~ ..;c(2-k"")2---q-;,
~ = ,.- Vq;, + q~ + q;,

rc1ating to the unequal incident and exit angles of x-rays to the surface of the sample

respectivc1y. Since the surface miscut of the sampie is usual1y a fixed parameter

during the x-ray measurement, these two cases included in Equation 3.14 can be

further distinguished by the form of phase factors used in the summation of the

structure factor of the epilayer.

Due to the mechanical miscut at the sample surface, the epitaxial interface is

not parallel to the plane defined by crystal axes x and y of the substrate, and the

in-plane summation limits of the structure factor of the epilayer given in Eq 3.5 is

generally a function of the out-of-plane summation index. The form of this function

is determined by the surface miscut.

The Fresnel refiectivity of x-ray scattering at the surface of the sample is readily

obtained by integrating over the clifferential cross-section given by Eq 3.5 [36J

R 16 2 2 21Sj(q)1
4

1 12 (3.15)
al = 11" TaPI 4 = TOI •

q,

It is interesting to note how the x-ray refiectivity relates to the transmission coef

ficient in the above equation. The refiectivity at the interface between the epilayer

and the substrate TU lias the sallie form as TOI by merely substituting the atomic

density Pl and the bealll factor Sj(q) by those of the substrate. The total refiectance

from this system can be written as

(
(3.16)
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0"0.

where h is the thickness of the epilayer and its modulation on the refiectivity curve

provides an accurate determination of the thickness. The interfacial roughness 0"12

contained in rl2 which affects the amplitudes of thickness modulation along '1. can

also be used to evaluate the interfacial roughness [1171.

To make a summary to this section, let us come back to Equation 3.5. The

terms of the summation in Equation 3.5 contains two factors conceptual1y: one

depends on the atomic configuration and the otller one depends on coherence effects.

The first one is what we want to measure, and the second one can be adjusted to

realize the various x-ray structural techniques. Under the approximation of single

scattering, as indicated by Equation 3.7, 3.8 and 3.9, the first factor dominates, and

the scattering pattern is simply a Fourier transform of the density-density correlation

function of the sample. In the extreme case of multiple scattering, such as x-rays

incident with glancing angle at the sampie surface, the second factor dominates,

and the sample can be considered as stratified optical medium. Equation 3.13, 3.14,

3.15 and 3.16 indicate that the surface and interface morphology of the epilayer (or

thin film) can be studied. Combining these two results in the technique of glancing

incident x-ray scattering (GIXS) which is particular useful for studying the atomic

structures in two dimensions. By accurately controlling the penetration deptll of

x-ray '~vane;;cent wave in GIXS geometry, the depth selectivity of x-rays provides a

direct measure of the structures intermediate to 2-D and 3-D.

3.2 Techniques and Geometry

3.2.1 Experimental Set-up

The experimental measurements of scattering patterns are carried out by using a

triple-axis four-circ1e x-ray diffractometer with a conventional2.2 kW Cu-target tube

source. Because the construction and general features of this diffractometer have
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been described in detail in my Master's thesis [llSI, here only a brief description of

the set-up which is necessary for us to understand the techniques and geometry will

be presented.

As shown in Fig 3.3(a), a diffractometer consists of three major parts: the

source, the detector and the goniometer. The source is responsible for providing a

well defined primary incident beam, and this beam will be discussed in detail in next

section. For simplicity, a parallel beam with only single wavelength, say Cu-Kat line,

is used herc to describe the techniqiles and the geometry. The detector is adjusted

to accept all elastically scattered x-ray photons passing through Slit 4 and refiected

by the analyzer crystal. The sampie is mounted on the center of a goniometer with

four circ1es, 211, Il, X and </J. The plane defined by the source, the center of the

goniometer and the counter is called scattering plane which is paral1el with the fioor

in the laboratory and parallel with the paper in the figure. The normal of this

plane, is the principal axis of the diffractometer. The monochromator crystal, the

analyzer crystal and all the vertical slits along the beam are aligned symmetrical1y

with respect to the scattering plane.

To achieve high resolution, two identical Ge single crystals with (Ill) surface

normal are used as monochromator and analy zer, and mounted in front and behind

the sample, as shown in Figure 3.3(a). Four slits are employed along the x-ray beam

to adjust the beam cross-section and intensity, and also assist in alignment. The

mechanical resolution of Slit 1, Slit 2 and Slit 3 are 0.01 mm in both horizontal

and vertical direction, and among them Slit 3 is controlled by the computer. Slit 4

is actually the rectangular windcw of the analyzer housing. The resolution of al1

four circ1es of the goniometer is determined by the steps of the Huber gears and the

reducing gears, which 1S 0.00025°. The geometric parameters of this set-up are given

alld illustrated ill Fig 3.4.

With respect to the scattering plane, the momentum transfer of x-ray scatter-
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Figure 3.3: Experimenla! sel-up: (a) normal scallering, (b) glancing incidence scallering, The

plane shown is the scallering plane and parallel 10 Ihe floor in Ihe laboralory,
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slit 1: 2.8 x 4.8 (manuall
sl1t 2: u1de open (manual)
sl1t 3: 8.1 x 4.8 (computer)
slit 4: 4.8 x 17 (unadjust)

lead stop ",dth: 1.8

"or~ing table size: 1828 x 1228

diffraction plane he1ght: 638

x

o

Figure 3.4: The geomelrical paramelers oC lhe sel-up. The horizonln! and verlical widlhs oC slils

as labe1ed have bcen used Cor refieclivily mensuremenls. The unil oC figures is mm.



CHAPTER 3. EXPERIMENT 41

.'

ing q can be decoupled into in-plane and out-of-plane components. The out-of-plane

component, qu, is usually of quite low resolution and the change of resolution with

q can be ignored. The in-plane component can be further decoupled into longitudi

nal and transverse components which are denoted as q, and q, respeetively. These

three mutually perpendicular components, i.e., q" q, and qu define the Cartesian co

ordinates of the diffractometer with units of inverse angstroms (À -1). The in-plane

resolution function is principally determined by the refieetions of the monochroma

tor and analyzer. In this set-up, the in-plane resolution is limited by the Darwin

width of Ge (111) [1181.

Generally, the intensity distribution of scattered x-rays is a convolution integral

of ail the components along the x-ray beam from the tube to the deteetor. In

principle, this distribution in tenns of the variables, q" q, and qu, can be written as

I(q"q"qu) = falll J(À)F(a)Sz(t,V)SI(t,v)RM(qM)SM(t)S2(t,V)

S3( t, v )Rs(qs )S.(t, V)SA( t )RA(qA )Sd( t ,v)dadÀdvdt (3.17)

where J(À), F(a) and Sz(t,v) are the wavelength distribution, divergence and spot

size of the x-ray beam emitted from the tube. Si(t,V) represents the effect of Slit

i, and i = 1, 2, 3,4. The subscripts, M, S, A, denote the monochromator, sampie

and analyzer crysta!s respectively. Their scattering is expressed by RM(qM), Rs(qs)

and RA(qA), where qM, qs and qA are the corresponding x-ray momentum transfers.

The subscripts :z: and d denote the x-ray tube and detector. The variables t and v

denote the sizes of horizontal and vertical windows.

Equation 3.17 is a conceptual repref.entation of the experimental setup. It is a

complicated integra! and can be usually simplified in praetical use. With wide open

slits, perfect crysta!s and integrating over the vertical component, Equation 3.17

leads to a simple formula,

(3.18)
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where X('\,a,t) = J('\)F(a)8,(t) denotes the x-ray source. Equation 3.18 can be

used to evaluate the widths of in-plane Bragg peaks produced by a perfect crystal

as sample, i.e., to evalllate the in-plane resolution funetion.

Figure 3.5 shows the intensity distribution of the (111) reflection of a perfect

Si crystal taken with this geometry. The (111) axis of the sample is set along q" and

q, has been scanned along (110). The units used in this mesh will be discussed later

in Section 3.4. The contour lines in the figure are plotted on a logarithmic scale and

di!fer in intensities by factors of two. The maximum intensity of this peak is 54GOO

counts per second. Since the Si (111) reflection is almost a non-dispersive reflection

for this di!fraetometer and since its Darwin width is smaller than that of Ge(ll1),

the wavclength spread of the x-ray source in Eq 3.18 can be approximated a.; a

o-function. The scattering of triple perfect crystals can be therefore simplified as a

convolution of the three scattering functions of the monochromator, the sample and

the analyzer. These scat tering funetions of perfect crystals have been approximated

as Gaussian or Lorentzian distributions to evaluate the resolution funetion of triple

axis di!fractometer [119,120].

The three streaks intersecting at the center of the Si (111) peak, as shown

in the figure, reveal the essential feature of a scattering pattern produced by three

perfeet crystals. The streak at the center is caused by the scattering of the sample.

This streak is misaligned from ql byabout 10
, this is attributed to the miscut on the

surface of the sampie. The streak from the bottom left to the top right is caused

by the monochromator, and the streak from the bottom right to the top left is

caused by the analyzer. The angle between these two inclined streaks equals the

scattering angle of Si (111). The slight intensity asymmetry on these two streaks

can be attributed to the asymmetric collimation of slits on the incident and the

scattered x-ray beams. The length of the streak can be used to evaluate the surface

roughness of the crystal that produces the streak. For imperfect crystals and for
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Figure 3.5: Triple crystal scatlering. Si (Ill) peak in (liO)-(III) plane, which is bllSically lIOn

dispersive scattering in this setap. The streak at the cenler is caused by the sampie, which hllS

been miscuted about 1° to Si (Ill) planes on the sarface. The streak from the botlomleft to the

top right is caused by the monochrolllator, and the streak from the botlolll right to the top left

is caused by the analyzer. The angle betw~en these two inclillcd shcaks equals to the scutterillg

angle of Si (111). The axis of q[lioJ hllS been enlarged by a fuetor of 2 in the figure for clarity.
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weak scattering, streaks arc usually not seen.
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With a Gaussian approximation for the Darwin crystal scattenng functions,

Cowley and his colleagues have wnrked out the "esolution full' :ion of a triple crys

tal x-ray diffractometer in det:';'. [120-1221. According to Codcy's treatment, the

in-plane resolution function with conventional tube source and Ge(lll) monochro

mator and analyzer arc plotted with solid curves in Figure 3.6. The resolution of

longitudinal sca... , i.e., 11% is limited at the non-dispersive alignment, whilc the res

olution of transverse scan, i.e., I1q, linearly increases with q/ from q, = O. Cowley

monochromated the incident x-rays to vnly the Cu-Ka} line with slits and measured

the peak width of perfect crystals. His experimental data agrees pretty weil with

his theoretical calculation when q, is bigger than 4 Â-} [121]. With perfect Si and

GaAs crystals, wc have also measured the widt~8 of Bragg peaks. Wc have kept the

whole beam profile of Cu-Ka emissinn line without isolating Cu-Ka} line with slits.

Our data agree quite weil with the theoretical curves. The out-of-plane resolution

of this set-up, I1qu, equals 0.022Â -}, which is independent of q/.

A not purely monochromated incident x-ray beam has been used in our high

resolution measurement. Two principal l'casons can be listed. 1) 1'0 monochromate

the incident beam further with slits or by crystal refiection, wc usually have to

sacrifice beam intensity which is very precious for weak scattering, such as the scat

tering from epilayer and interface. 2) If the intensity and wavelength dir.tributions of

the incident x-ray beam are weil defined, high resolution data can st;::! be obtained

from data treatment because the x-rays of different wavelengths are incoherent. In

the dispersive case, the scattering du~ t() x-rays of different wavelengths spread out

along q,. The whole scattering pattern can be simply tre.,ted as the superposition of

patterns produced by x-rays of single wavelengtl: witr, corresponding origins along

q/. The wavclength distribution (If the primary incident beam will be discussed in

dehil in Section 3.3 and the techniques of data collection and treatment will be
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Figure 3.6: The resolution fundion of a triple-axis x-rny diffractometer with Ge(III) monochrc

mator and analyzer. The solid curves are calculated with Cowley's formula. The data points are

collected from (002), (004) and (006) reftection of IL perfect GnAs crystal, and from (Ill) Ilnd (333)

of a perfect Si crystal.
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described in Section 3.4.
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Since the detector can only move in the scattering plane by the 29 circle of the

goniometer and the direction of the incident beam is fixed in the laboratory frame,

the scattering vector, q, is principally confined to the scattering plane as determined

by the setup. The relation between the angular position of the detecto! 29 and ql is

given by

ql = 2ksin en. (3.19)

The orientation of the sampie is determined by the three Euler angles [w, x, .p], and

among them the angular coordinate w is coupied to the 9 and 211 circles via

211
w = 11--.

2
(3.20)

or
1
•

r

A rotation matrix R(w,X,.p) is programmed according to Busing and Levy's original

work [123] to map the diffractometer frame [% q" quI onto the laboratory frame

with the constraints indicated by Eq 3.19 and Eq 3.20. An orientation matrix, U

has also been programmed to map the crystal reference frame [q., qy, q.J onto the

diffractometer reference frame with the constraints determined by the geometrical

and structural featules of the sampie.

Based on the geometrical features of the samples and our diffraetometer, the

experimental measurelllent will be discussed from two aspects. Normal scattering is

mainly used to measure the out-of-plane structure and glal'~ing incidence scattering

is mainly used to measure the in-plane structure. We combine the normal Bragg

scattering and rcflectivity Illeasurelllcnt as one technique, i.e., normal seattering,

because the sampie under study only needs to be aligned once in our diffractometer

and this cOlllbination can be used to lIleasure the surface miseut angle accurately,

which is crucial for the geolllctry of glancing incidence x-ray scattering.
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There are two reasons to define this technique as normal scattering: 1) in the ex

periment the surface normal of the sampIe is first aligned in the scattering plane,

as shown in Figure 3.3 (a); 2) it is basically the normal or conventional teehnique

used for x-ray scattering. Bragg scattering is a weil known technique and has been

commonly used to measure the out-of-plane structure of the epilayer, its strain or

structural relaxation along the crystal axis z. Because Bragg scattering probes the

lattice spacing on the atomic scale, the value of q, usually runs between 2Â -1 and

7Â-1 for semiconductor crystals. With the same align!uent, ql can be set to very

small value to measure the rel1eetivity of the sampie. Because ql is small, it is only

sensitive to the large scale eleetronic density change along the surface normal of

the sample. Combining the techniques of normal Bragg scattering and rel1ectivity

measurement as one, we are able to obtain some useful information of the sam pIe,

such as surface miscut. This also makes it easy to account for the geometriclLl aud

optical corrections needed for high resolutiou work.

As mentioned III last subsection, x-ray scattering is confined to the sClLttering

plane. The technical procedure of normal scatterillg is to first aligu the q, axis of

the sampIe reference frame with the ql axis of the dilfractometer reference frame.

This is realized by locating a Bragg peak of the substrate crystal along the z axis,

say, the (004) peak of GaAs. The optimization of this peak by rockillg ail circles

of the diffractometer provides the first reference vector of the orientation matrix U.

The alignment of the q~ axis of the sampie into the scattering plane can be achieved

by means of telescope. It is usual to fllld at least one (110) cleavage edge in a GaAs

crystal, which can be defined as the q~ axis. The optimization of the (220) Bragg

peak of GaAs provides the second reference vector for the orientation matrix U. A

horizontal translation of the sampie is usually needed to make sure that the x-rays

illuminate the desired area of the sampIe. The data in normal scattering is normally
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colleeted with zone mode [123]. This mode can be regarded as two-circle goniometry

with circles X and q, fixed at certain values which are often defined as zero.

Bragg scattering is carried out at large q" and refiectivity measurement is

carried out at small q/. The specular rel1ection usually occurs when q/ agrees ta

the surface normal of the sample, which may not be along the qz axis of the crystal

reference due ta the surface miscut, as shawn in Figure 3.7. The projection of miscut

angle of the sampie in the x-z plane can be accurately determined by the offset of

Bragg scattering and specular rel1ection. This measurement requires accurate beam

alignment. The horizontal width of Slit 3, as shawn in Figure 3.3, is usually used ta

define the cross-section of this incident x-ray beam. The sample is aligned ta black

half of the incident beam when its surface is parallel with the incident beam and

the detector is set at arm-zero, i.e.,2IJ = O. When q/ is small, the geometrical and

optical effects due ta the sizes of the incident beam and the sample are important.

These corrections will be discussed in detail in Section 3.4. Under this alignment,

the non-specular rel1ectivity at small qz, and off Bragg scattering at larger q/ cal!

also be studied with transverse scans along q, or qv.

By the same technique, normal Bragg scattering and refiectivity measurement

can be carried out in the y-z plane of the sample (as opposed to x-z plane). This is

realized principally by rotating the sampie 90° about the z axis. This can be usually

donc by means of an appropriate combination of w, X, and q, rotations. It occurs

very often that the structure of the epilayer is different along x and y, as discussed

in Section 2.2. Gnly after the projections of the miscut angle on the axes, x and y

are accurately measured, can the sampie reference frame of coordinates be defined.

In glancing incidence x-ray scattering of miscut surface, there is a quadrant of the

sample in which the x-rays can enter and exit with less absorption that in other

quadrants. This quandrant is called the preferential quadrant and selected as the

one which the surface normal of the sampIe inclines ta.
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Figure 3.7: The sampIe with miscut surfuce. The reference coordinate system is defined by the

principal Bragg peaks of the substratc. and the Z·Z c'lll1pOnent of miscut angle, 0m:1 is determined

by the out-of-plane Bragg scallering and surface specular refiection. The small and large spots

along q, are the Bragg spots of the substrate and the epilayer respeelive1y. The veelor ii i. the

surface normal and peaks with speculaI refieclioll.
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The aim of glancing incident x-ray scattering is measuring the in-plane structure of

the epilayer and epitaxial interface. This is often difficult to be measured by other

techniques. As shown in Figure 3.3 (a) and Figure 3.8, the essential feature of this

technique is to bring the x-y plane of the sample's reference frame into the scattering

plane of the diifractometer and keep the surface of the sample under the condition

of specular reflection, i.e., Qh = Qi.

The first question is how to align the sample. The surface normal of the sample

has to be aligned with the main axis of the diffractometer. This aligr.ment can be

achieved by means of a laser beam. The reflected spot of the laser beam should not

move with rotation of the sample around the main axis of the diffracl.ometer '.'.nen

the sample is aligned. The slits can be used to align the cleavage edge of the sample

to be parallel to the incident x-ray beam. The position of the sample is denoted by

Iwo, xo, <Pol, which can be directly read from the diifractometer. The preferential

quadrant of the sample is aligned into the first quadrant of the reference coordinate

frame of the diifractometer. Some manual adjustment of the sample holder can set

the initial Euler triple Iwo, Xo <Pol to be [0,0,0].

The first reference vector of the orientation matrix U is defined by locating the

principal in-plane Bragg peak of the substrate, say GaAs (220) with a small positive

X. The value of X roughly equals the SU1l1 01 the critical angle of the material of

the sample and the projection of the surface miscut on the plane defined by the

momentum transfer q and the main axis of the diffractometer. Since the in-plane

Bragg peak is actually a rod along the surface normal, and it is less sensitive to X

than to other angles. The out-of-plane component and in-plane component of the

x-ray 1I10mentum transfer q are related through the angle x,

(

q, = q/ • tanx· (3.21)
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Figure 3.8: Glancing incidence scattering. The tI"ee angles ai. ao and ah dencte lhe angles

between the surface of the sampIe and the incident J reficet and refleded-diffruct X-fay beams

respeclively.



CIIAPTER 3. EXPERIMENT 52

A scan along q. can be used to optimize the signal. Since the projection of miscut

angle, denoted as am.. has already been accurately measured in normal scattering,

the real position of the first principal in-plane peak is weil defined. It may not be

centered at the maximum of the Bragg streak due to the glancing incident footprint

correction whiti. will be discussed later.

The azimuth mode of the four-cirde goniometry [123] is specially useful in

data collection of glancing incidence scattering. Taking the surface normal of the

sample as the azimuth reference vector at 90°, the condition of specular refiection

is constrained during scans. In this case, the angle between the incident beam and

the sample surface, ai, is given by

sina, = sinxsinBB = sinah, (3.22)

{

where BB is the Bragg angle of the in-plane peak, and ah is the exit angle of scattered

x-rays.

The sampie coordinate system is usually defined by the crystallographic axes

of the substrate, as mentioned in Section 3.1. For GaAs (001) substrate, (001) is

naturally selected as z-axis and (110) is usually selected as x-axis. The y axis of this

coordinate system must be (1ïO). In the geomet.ry of glancing incidence scattering,

when the first reference vector of orientation matrix U has been defined with GaAs

(220) peak, the second reference vector of U is the azimuth reference vector A =

[A z , Au, A,J. The components of vector A are defined by

where

Az =
Au =
A, =

[tan(amz ) + tan(amy )]J2IAI,

[tan(amz ) - tan(amy )]J2!Ai,

I/IAI,

(3.23)

(
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In principle, another in-plane peak, say GaAs (220), should be easily found by Il.

rotation of w = 90° in azimuth mode and about the reference vector A. Similar

as the (220) peak, the glancing incident refiection and footprint correction must be

taken into account in data treatment.

As mentioned in Section 3.1, the penetration depth of x-rays is determined

by the out-of-plane component of x-ray momentum transfer which depends on the

incident and exit angles of the x-ray beam. By controlling the penetration depth

in glancing incidence x-ray scattering, the evolution of in-plane structure from the

epitaxial interface to the top surface of the epilayer can be studicd. If the surface

miscut is small, the in-plane depth profiling can be taken "long the scatte:ing rod,

i.e., along q" with corresponding geometrical correction in fitting of the in-plane

Bragg peak p<lsitions. If the in-plane depth profiling is taken along the axis q" the

corresponding corrections to the intensities of the peaks should be made because of

the misalignment of the scattering rod.

3.3 X-ray Source

The x-rays are generated by a 2.2 kW Cu-anode x-ray tube (Philips, Type 2273/20).

With point focusing, x-rays can be regarded as elllitted from a spot on the center

of the anode. The size of this spot as viewed 1Liong the x-ray beam is 1.2mm x

O.4mm and iIIustrated in Figure 3.9. The divergence of the primary belLm in the

scattering plane is principally determined by the 1II0nochromator crystal, which can

be estimated as 0.0036°, i.e., the Darwin width of Ge (111) refiection with Cu-Kal

emission line in this set-up The out-of-plane (scattering plane) beam divergence

is about 1°, which is principally determined by the slits. The cross-section of the

primary incident beam is about 1.0mm x 4.0rnm as shown in Figure 3.9. The

in-plane and out-of-plane intensity distributions were measured by scanning Slit 3
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Figure 3.9: The intensity distribution of 1(01 emission line. The intensity distribution of the

primary beam is measured by scanning Slit 3 horizontal1y and vertically. The horizontal line

rtpresents the scattering plane. The full widths at half maximum of Slit 3 scans are nsed to define

the cro5s·section of the incident primnry beam , which is 1.0 x 4.0mm2 in our experiment.
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cross the beam, and the FWHM (Full Width at Half Maximum) values are used to

define the beam size. These numbers agree with the width of lead stop before the

monochromator crystal (1.0 m:!,) in horizontal and the window of Slit 1 (2.0111111 x

4.0mm) in vertical with small divergence corrections.

As shown in Figure 3.9, in the scaHering plane, the x-rays are basically uni

formly distributed. The intensity of the incident beam increases linearly with the

horizontal width of Slit 3 up to 1.0 mm. The cross section and intensity are con

trolled by Slit 3, which is important for making a geometrical correction in data

analysis, specially in the case of small q scattering. Slit 3 is left wide open, say

2.0 mm horizonta1ly, for large q scattering to e1iminate slit etrects on the shape of

the beam. Ail the slits are symmetrically centered with respect to the beam. The

vertical width of Slit 3 is usually set to 2.0 mm in normal Bragg scaHering, ILlld 1.0

mm in glancing incidence scattering, which keeps the intensity uniformly distributed

across the beam out-of-plane.

The x-ray spectrum of the incident beam is se1ected by the Bragg reficctiotl

of monochromator crystal from the spectrum generated by the x-ray tube [118].

In most cases of structural :l.IIalysis, the CU-[(a charactcristic line is used princi

pa1ly because of its strongest intensity. As shown in Figure 3.10, the spectrum of

incident beam peaks at three wavelengths, [(ail [(a2 and [(a3' This spectrum is

measured by scanning the detector ( 29 scans ) cross the primary incident beam

with monochromator and analyzer crystals aligned in the experimental condition.

The three wavelength dispersion peaks are complete1y Lorentzians as ail the slit.

are essentia1ly wide open in the scattering plane. The parameters of this beam are

given in Table 3.3. The intensities in the table have been scaled to the intensity

of Ka1 • The absolute intensity of x-rays is determined by the power setting of the

generator. The x-ray photon intcnsity of [(al emission illuminated on the sampie is

3 X 105 photons /sec·mm 2 under the tube power of 40kV x 40mA at the maximum.
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Figure 3.10: The wavelength distribution of the prirnary incident bearn, rneasured by 28 scan

at atrn-zoro with only 1Il0no.;hrornator and analyzer in (+,0,+) triple-crysta! configuration. The

x-ray photon poak intensity of Ka! emission lino illuminated on t' .arnple is 3 x 10' photons /

.tee· mm' when the tube power is set at 40kV X 40mA.
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l If the widths of these peaks are also scaled to Ku1 linc, the widths are 1.0, 1.07, and

2.65, for Kul , K u2 , and K 03 lines respective1y. The K03 line seen here is actually an

average of a group of transitions called non.diagram lines [181. These numbers can

be used as fixed parameters in data analysis.

!nWlIM ]i1

Kol 1.54051 0.0 1.0 0.00872(6)

K02 1.54433 -0.0690(1) 0.5(0) 0.00933(8)

K03 1.53420 0.114(3) 0.01O( 1) 0.0226(3)

D ,x(A) 1 20

The angular separations of peaks of Ku!> Ku2 , and Ku3 lines change with CI

due to the dispersion of x-rays with different wavelengths. A simple formula can be

used to calculate the separation, which can be written as

,xui - ,xo1 [ 1
f::>.0 = ,x tanO. - tanO",

01
(3.24)

where O. is the Bragg angle of sampIe and 0", is the Bragg angle of monochromator

crystal which equals to 13.665° for Ge( 111) reflection of Kul line. The wavelength

,xoi can be either the K u2 line or K 03 line. In data fitting, a small correction may be

needed for these parameters to compensate for the angular separation of Ku2 and

K03 ' These corrections can be well determined by litting th" scattering from the

Bragg peaks of the substrates which are orten resolution limited. The polarization

coefficient of the x-ray beam is, 'Y = 0.623, and includes polarization effects cf both

the mo.lOchromator and analyzer.
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As discussed in 'Jhapter 2, heteroepitaxy is a complex system which may contain

more than one set of a.tomic ordering and present more than one length scale of

structures. The x-ray scattering pattern of heteroepitaxy can be quite complicated,

specially with an x-ray source of morc than one wavelengths and with a diffractome

ter of mO:'e th:.n one clements of scattering, li5 'Iescribed in the last two sections of

this chapter. To extract the useful information eifectivcly, the methods and tech

niques of data collection and treatment are important.

Equation 3.5 indicates that the scattered x-ray photons from an ordered system

are principally 10calized at Bragg peaks in q-space. The positio~s, shapes and inte

grated intensities of these Bragg peaks provide us direct information of the atomic

arrangement of the system. FN a perfect crystal, the Bragg peaks are periodically

distributed in q-space, and their periods are just reciprocally proportional to the

lattice constants of the crystal. The shapes of these Bragg peaks can usually be weil

fit to Lorentzian distributions, as shown in Figure 3.10, and their widths often refiect

the resolution function of the instrument, as shown in Figure 3.6. Their absolute

integrated intensities can also be accurately evaluated, as indicated by Equation 3.6.

As illustrated by Figure 3.11, the suhstrates used for epitaxial growth are usually

perfect crystals and their Bragg peaks construct a natural reference frame in q-space

and guiùe the data collection and treatment.

The crystallographic axes of the substrate is usually defined by convention. For

example, GaAs crystals has zinc blende structure, and the three axes (100), (010)

and (001) construct a Cartesian coordinate system. If the epitaxial growth direction

is along one of these axes, it can he easily defined as (001) axis, or axis z, and called

the out-of-plane axis. The other two crystallographic axes of this system are defined

as '" and y axes, and called as in-plane axes. In heteroepitaxy, the structure of
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Figure 3.11: Reference coordinates system. The refcrclI('c coor<.!illlJ.te !iystclII is ddillecl hy the

reciprocallattice orthe substrnte crystlliand ddcclllincd by the principal out-of-plllUC and ÎII-plliJlt

Bragg scattering of the substrate. The surface lIIiscut llll1kcs 11 prcfcrcntial quadrant for glalleillg

incidence x-cay scattering l in which the x-rl1Ys are lcss llbsurLcd lhall in aDY other qUlldrnlll. This

preferential quadrant is defincd as the first quadrant in our rcfcrcnce coordillllte system and O'Lnked

by q[110]x and q[110)y axes in our IIIcnsurelllen!s.
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the substrate is only a rcfercncc, and is Ilot thc subject we are going to study. A

reference coordinate systcm havillg better coupling with the microstructure of the

epilayer and thc epitaxial interface and with the techniques of data collection may

need to be constructed on the basc of the conventional crystallographic coordinate

system of the substrate. Since thc (110) plane is the cleavage plane of GaAs crystal

and the (1I0) axis bears more features of microstructure of Ill-V heteroepitaxy, the

axes of (1I0), (lÏO) and (001) of the substrate are used to construct a orthogonal

reference coordinate system in our structural studies.

A problem of ambiguity can arise if there are more than one epilayer of the

same epitaxial system under investigation. The epitaxial interface of III-V het

erostructure has only a two-fold symmetry with respect to the chemical bonding,

and the asymmetrical bonding strength at the interface can cause asymmetric struc

tural properties of the epilayers. Based on this, the (1I0) axis and (lÏO) can be

absolutely dcfined for GaAs. Given a crystal, it is usually not easy to distinguish

(1I0) axis and (lÏO) axis. To avoid potcntia! misleading data interpretation, we

define the two in-plane orthogonal (1I0) axes as (1I0): and (1I0)., which construct

a right-hand screw orthogonal coordinate system with axis (001).

In q-space, the three componcnts of the momentum transfer q in the new co

ordinate system are denoted as q[lIO]x, q[lIOJy .. nd q[OOl] respectively. For easier

geometrical setting in data collection and easier compan. Jo' of data collected in

difTerent axes, the value of the q·componellt is scaled to the fundamental transla

tional uni: of this axis. Therefore, the :lIIit aiung q[OOl) axis is A-1, while the unit

along q[lIO]x axis or q[lIO]y axis is J2Â -1. For example, the (004) pea~. of the

GaA5 crystal is located at 4.446[001]Â -1 in q-space, and (440): peak is :ocated at

4.446[1I0]:Â-1 which equals 6.288Â -1. The value of q used to indicated the position

of Bragg peak is the momentum transfer of Cu-KQ1 line.

As discussed in the second Jection of this chapter, the data are collected with
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normal scattering and glancing incidence sl'attering. In normal scattering data on

the out-of-plane structure and the surface and interfal'c morphologies arc collected,

and in glancing incidence scattering data on the in-plane structure are collected.

Because our structural study of heteroepitaxy requires an analysis the shapes of

the Bragg peaks, one dimensional SCaIlS along the three axes of q-space, and two

dimensional meshs in defined '1 planes are carried out to present the data, and

will be discussed in detail in the next chapter. As mentioned in Section 3.2.1, the

resolutions are different along dill'erent axes in the reference coordinate system of

the diffractometer. The coupling between the sampie coordinate system ['1., '1., '1,1
and ['11> '1" qvl is determined by the orientation nmtrix U and various constmints,

which has also been discusscd in Section 2 of this chapter.

Our structural analysis has focuscd on the study of Bragg peaks. The forma·

tion of intensity maximums, i.e., Bragg peaks, in scattering pattern is first due to

the coherent summation of ordered scatterers, as indicated by Equation 3.5. For

a one dimensional ordered atoms in a chain, the x-ray scattering pattern Ims the

form ';'."j(.a.~~~), where N is the number of atoms and u, is the distance between
nn q..a.

atoms [23J. A single intensity maximum of scattcring can be approxinmtcd by a

Gaussian curve with errors smaller than 10% for the integrated intensity and 5%

for the width of the peak. These errors arc ,,,ainly duc to thA intensity wiggles of

coherent summation which are not presl'nted by the Gaussian curve. If the atomic

ordering is perturbated by fluctuation, a random prucess over ti/lle and/or space,

and the scattering pattern is superpohcd hv the incoherent sUfllmation of coherent

regions, as indicated by Equaticn 3.6, the wiggles are smeared out and errors are re

duced. Another effect on the shape of the scattering nHLxi:num is the x-ray elllissior.

line, which has an intrinsic intensity distri' ,:tion [181. This di~tribution can be fit \{;

a Lorentzian distribution, as shown ill Figure 3.10. Even though /Ilany clements of

scattering may be involved in the formation of Bragg peaks, as indicated by Er;ua-
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tion 3.17 and Equation 3.18, their shape can be fit to a combination of Gaussian

and Lorentzian distributions.

Wertheim and colleagues has shown that fitting the Voigt tine shape by the

tinear combination of Gaussian and Lorentzian curves of equal widths (EWGI.) can

be accurate to about 1% [1241. The Voigt line shape is a convolution integration of

Gaussian and Lorelit'"ian distributions [125], which bears the essential feature of ):

ray scattering, as described by Equation 3.17 and Equation 3.18. With least-squares

arithmetic [126], the Bragg peak of scattering pattern has been fit to the curve

1 - '} r 2 (h;2 [('1 - '10)2 ]
/o(r,1],q,qo) = -7r- P + ('1 _ '10)2 + 1]V --:;-exp - -r- ln2, (3.25)

where r is the half width at half maximum (HWHM) of the peak and 1] is the Gaus

sian fraction. Wertheim et al. present curves which reiate rand 1] to underlying

parameters of the Gaussian and Lorentzian in the convolution. This tineshape con

veniently allows for the adjustment of the scatt~ling in the center to the tails, and

called a EWGL curve in this thesis.

The function /o(r, 'l, '1, '10) can be very elfectively used to fit the width, r, the

position '10 of the Bragg peak, as weil as the fraction of statistical effect 1], for a

weil lIlonochromateù x-ray inciùent beam. This wellmonochromated x-ray incident

beam can be regarùed as Kal emission line in our experiment. Because the x-rays

of different waveiengths are not coherent, and the superposition of the scattering

patterns produced by x-rays of ùifl'erent wavelength can be linearly treated as

/(r,1],q,qo) = /o(r,,},q,qo) (3.26)

(

where 1'2 anù 1'3 are the intensity ratios of [(a2 and [(a3lines to Kal tines respectively,

and W2 and W3 are the width ratios, as given in the table of Section 3.3. The variables

of t.q2 and t.q3 are the peak. separations proùuced by [(a2 and Ka3 tines from that
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produced by Ka' line, which can be evaluated with Equatiou 3.24. The value of '1

is assumed not to change with the characteristic wavc1engths of the x-ray tube, is a

number between 0 and 1. The amI-zero spectrum of x-ray primary in~ident beam

as shown Figure 3.10 demonstrates a good example, in which '1 = o.

As indicatec1 by Equation 3.17 and Equation 3.18, the slits can affeet the x

ray scattering paltern. In 'Jrder to c1iminate the cffeets of slits, ail the horizontal

slits have been set open when the data arc colleeted at large q/, provided that the

primary incident beam is symmctrically distributed, as shown in Figure 3.10. In

aetuality, the slits have little effects if their horizontal widths arc larger than that

of the incident x-ray beam, which is 1mm in our setup. With only the clfect of

scattering from the crystals, the Bragg peaks can be easily lit to the curve indicated

by Equation 3.25 and Equation 3.27. lIowever, slits arc always involved. They can

be due to the finite size of the sam l'le, the window of the deteetor, as weil as the

geometrical configuration of monochromator and analyzer crystals.

Figure 3.12 shows two curves of the arm-zero spec!rum of the incident x-ray

beam under the same power setting, but with different slit widths of Slit 3 (refer

to Figure 3.3). The intensity distribution of the incident beam is basically uniform,

and the number of photons counted at amI-zero is proportional to the cross-section

of the beam, which is determined by the window of slits. Comparing with the

curve colleeted with wide open horizontal slit (2.0mm), the principal change of the

curve taken with narrow slit width (0.4m"') is the counts at the two shoulders.

This shape of the curve suggests for us to use a compatible function to take care

of it. As indicated by Equation 3.17, the slits effeet is convolutionally involved

in the integration of scattering pattern. By means of the same technique used in

combining the Gaussian and Lorentzian, wc deal with the effect of the slits with

another EWGL curve of considerable larger width and much smaller intensity, as

show in Figure 3.12. Therefore, the litting curve of the x-ray scattering is merely
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Figure 3.12: The slits efrec!. The widlh of slil changes lhe profile of the primary inciden{

beam. This etrec! may be accounled for by adding another EWGL eurve in data fittiag, which is

usually with lIIuch bigger peak widlhs lind much smaller intensity. The curve with open square

points is the same curve shawn in Figure 3.10. The parameters used to treat the slit effect are

W D = 0.086', rD = 0.11, and 'ID = 1.17.
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a weighted summation of two spectrum curves indicated hy Equation 3.27 at the

same position in q-space, in the case that the slits need to he accounted for in data

treatment. This fitting curve may he written as

(3.27)

-,'

where WD , rD, l1D are the width, intensity ratio and Gaussian fraction of the curve

for the slit effect. The value of WD relates to the width of slits and usually more

than one order broader than the scattering peak of the sample, r. The value of rv

is usually smaller than 0.1. The value of 'ID can he hetween 0.95 ,md 1.20. The

more than unity value of Gaussian fraction implies the suhtraction of IL Lorentzian

from the curve to take care of the lost seattering at the shoulders, as shown in

Figure 3.12. Equation 3.27 is a simple way to treat the slit elfect, which may not be

mathematically rigorous and should he used with caution. In the case that the slit

effect must be accounted for, WD, rD and 'ID can he ohtained by fitting the Drngg

peaks of the substrate, and then used as fixed parlLmeters to fi t the scattering of the

epilayer nearby in q-space. The paramete," llsed in fitting the arm-zero spectrulll

with slit widths of 0.4 x 3.0mm, as shown in Figure 3.12, are WD = 0.086°, rD = 0.11,

and l1D = 1.17. It can also be seen in Figure 3.12 that the slit effect may slightly

increase the widths of the real scattering peaks, i.e., the sharper peaks. a s~em8

that the slit effect should be possibly avoided in data collection for high resolu.;oll

structural work. However, as shown in the same figure, the depression of scat!.; ·.lg

at the tails of Bragg peaks by using slits can also increase the resolution in some

cases.

Since the x-ray scattering pattern "/ith small ql is not sensitive to the structure

at the atomic scale, the refiectivity is simply fit to the Fresnel curve multiplied

by a Debye-Waller factor, as indicated by Equation 3.15. The polarization effect

of the incident x-ray beam can be ignored. Silllilar to the effect of slits for the

data collection with large ql scans, there is ILl! instrumental correction for collecting
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Figure 3.13: Foolprinl Correelion. The sampIe is only illuminaled by parI of lhe x-ray beam

when lhe incidenl angle is very small. The veelor Ki denoles lhe waveveclor of the incidenl x-ray

beam. The big arrow denoles the Ka1 Huc, which is aligncd symmetrically in-plane at arm-zero.

The 5mall 8trOW à~notes the l\u2 Hnc, which has ooly half intensity of Kal line and an angular

and a translational offset wiLh respect to the C'~llter of the ditrractometer.
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data with small ql scans. It is called the footprint correction and illustrated by

Figure 3.13. When the x-rays incident with a glancing angle at the sampIe surface,

only part of the beam is rellected by the sampIe. The rellected photon counts are

reduced because less incident x-ray photons hit the sampIe. If the intensity of the

incident x-rays are uniformly distributed across the horizontal width of Slit 3, as

shown in Figure 3.13, Figure 3.3 and Figure 3.9, the factor of footprint correction

F'l for Kal emission line of the x-ray source is given by

F'l Lz sint 9 - om,), if () . -1 W= ~ s'Zn L;7: + °m;:,w

PfI = 1, othe,"wise, (3.28)

where Lz is the laterallength of the sampie along axis x, w is the horizontal width

of the incident x-ray beam as defined by Slit 3, and 0mz is the projection of surface

miscut angle on the x-z plane. The Equation 3.28 works the same way for the y

direction if the sampIe is rotated along z axis by 90°, provided that the subscript x

in the equation has been substituted by y.

As described in Section 3.3, the Ka2 enllSSlOn line of the x-ray sourCe ha.

half of the intensity of the Kal line and peaks with lUI angular separation fi29 =

0.069° to the Kal at arm-Zero. Because the difference of wavelengths between Kal

line and Ka'. line, the rellectivity curve of Ka2 line is iJ:Coherent1y superposed on

the reflectivity curve of [(al line, with an angular offset of beam incidence and

an translational offset of the illuminated area on the surface of the sampIe. The

angular offset between Kal and [(u2' fi9, and the translational offset cross the

beam, fiw, are readily given with the geometrical parameters of the set-up as given

in Figure 3.4. These offsets and the intensity ratio shol1ld be accounted for in fitting

the reflectivity curve which contains both of the contributions of Kal line and Ka2

line. The footprint correction factor for Ka2 line, P/2 has the form
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Pj2 = L~ sin( Il - Qm~ +boll),
w
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. . _Iw-bow
If Il ~ sm L +Qm~ - boll,

~

otherwise, (3.29)

The translational offset along the x-ray beam has a smaller effect and has been

ignored in Equation 3.29. The contribution of [(Q3 line is about 2 orders weaker and

has been ignored in the data treatment of refiectivity measurement. The specular

refiectivity curves presented in this thesis are usually fit to

(3.30)

(

The value of l' can slightly deviate from 0.5 because the slit may reduce the in

tensities of [(Q! and /(0' lines in an unequal ratio. The variable Il can be easily

converted to q" through q, = ~: sinll. The footprint correction should also be made

in glancing incidence scallering. But it is not an in-plane correction. The out-of

plane footprint correction for GIXS should be integrated over the out-of-plane beam

divergence with Equation 3.29, while the dispersion effect of x-ray source need not

to be considered.

In this section, we have only discussed the simplest Bragg peaks which can be

fit to a EWGL curve or incoherent summation of several EWGL curves as indicated

by Equation 3.25. In many cases, the Bragg peaks can not be fit to EWGL curves

because of the effect of microstructure of the epilayers. W" may need to deveIop

models of microstructure to study the shape of the scallering patterns. Even though

the lineshape of Bragg peaks may be more complicated, the techniques we used to

treat the dispersive effect, the slit effect and foot print correction are the same.



Chapter 4

Results and Discussion

4.1 The Samples

The system of heteroepitaxy we have investigated is Gal_.ln.As grown on GaAs

by MOCVD. The samples were prepared by Prof. Alain Roth of microstructure

division, National Research Council of Canada. Our studies have been concentrated

on two samples: a 500Â GaO.81Ino.19As epilayer which is referred as the thin sample

and a 40000Â Gao.84Ino.lsAs epilayer which is referred as the thick sampIe, and both

were grown on (001) faces of GaAs crystal substrates. The Indium (In) composition

of the thick epilayer might be slightly nonuniform along the direction of growth due

to thefiuetuation offiow rate. The composition is estimated to be between 16%-15%

by the sample producer [127].

Calculating with Eq 2.19, the lattice constant of Gao.81Ino.IDAs is 5.7303Â and

that of Gao.84Ino.lsAs is 5.7181À. The lattice mismatchs in these two samples are

1.36% and 1.14% respectively. The slightly non-uniform of ln composition in the

thick epilayer cause a 0.07% error bars to the value of lattice mismatch. It should

be understood that these lattice parameters are simply some preliminary reference

numbers to start with, and they may be changed because of our structural measure-

69
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1....
ments. The GaAs substrates in both samples have sorne miscut at the surfaces with

respect to the (001) crystalline planes of GaAs crystals.

The lateral sizes of the thin sample and the thick sampie are 4.6 x 7.7mm, and

5.0x 7.0mm respective!y. The thicknesses of the GaAs substrates in both samples are

0.2mm. These samples are as-grown and without further mechanical or chemical

treatments. The surfaces of the samples were simply cleaned with acetone before the

x-ray structural measurements, which have been performed under normallaboratory

environment. The useful parametcrs and constants of the samples are summarized

in the f9110wing table for easy refercnce.

L =:J t(À) 1a(À) 1fla(%) 1L.(mm) 1Ly(mm) 1=
thin-epi 5 x 102 5.7303 -0 4.6 7.7

thick-epi 4 X 104 5.7181 - 0.6 5.0 7.0

substrate 2 X lOG 5.6533 -0 - ~

The subscripts, :z: and y, denote the two orthogonal in-plane (110) axes of the

GaAs substrates (rcf: Section 3.4). The values of fla are estimated errors uf lattice

constants due to Indium compositions of epilayers in sample preparation.

4.2 The Data

4.2.1 Out-of-plane Measurements

(

The out-of-plane data have been measured with normal Bragg scattering, in which

the q, axis of the sample refe..ence frame is principal1y aligned with the ql axis of

the dilfractometer (ref: Section 3.2.2). For our samples, the q, axis is defined by the

(001) crysta:iine axis of the GaAs substrate, which will be denoted as q[OOl] axis in

data presentation. The two in-planc axes of the sampie reference frame are denoted
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Figure 4.1: The q/ scans along (001) axis of lhe samples. These ure r a dulu und lhe solid Iines

used in figures are guide io the cye. The intcnsities of scnttered x-rays llrc represented 11S counis

pet 100 seconds, which is the regular coul1ting time for epi-peaks. The scattering inicnsities from

the substrate are strong and usually countecl in 1 or 10 seconds, und thcy are scnlcd to 100 seconds

in the figuIes for compnrison. The eounlinK lime of (002) pcuk of 500ÀGIl<J.sl lno. 10As shown in

(d) is 1000 seconds, while lhe counling time of lhe GuAs subslrule peak .s 1 sccond. Thc "daIk

cUIrent" of about 20 counls peI 100 seconds pIesenls u neurly uniform buckground. (u) (004) peuks

of the thick sample. (b) (002) peaks of lhc lhick sam pie. (c) (004) peaks of lhe lhin sampIe. (d)

(002) peaks of the thin sampIe. The unil ofabscissu is [OOIIA-I, i.e., A-I.

'.'
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as q[110]x and q[llO]y with respect ta the preferential quadrant (ref: Section 3.4).

In data collection, q[1101x and q[llOly hl.ve been nominally taken as q[llO] axis and

q[1 ïOI axis ta meel the vector algebra and defille the or;entation matrix. By using

the zone mode of four-circle goniometry, we collected the àat'~ in x-z plane and y-z

plane separately.

Figure 4.1 shows the q,-scans of Bl"ilgg peaks along (001) axis of the GaAs

5ubstrate. These figures only present the raw data and the solid lines are used ta

guide the eye. The subligures (a) and (b) show the (004) and (002) peaks of the

thick sample, and the subfigures (c) and (d) show the (004) and (002) peaks of the

thin sampie. The Bragg peaks of the GaAs substrates are used as references, and

their positions agree with the known lattice cOllstants. The dilference in shapes

of the GaAs (004) and (002) peaks is due ta the dispersive elfect of the incident

x-ray beam. The GaAs (002) peak is close ta the non-dispersive condition of our

set-up (ref: Section 3.3), and the separation of [(ul and [(a2 lines is not resolved.

The calculated position of the GaO.B4Illo.16As (004) peak is between 4.3953[001IÂ-I

and 4.3984[001IÂ -l, and averaged at 4.3968[001];\ -1. The measured positions of

the (004) and (002) peaks of the thick epilayer agree preUy weil with the calcu

lated values from Vegard '5 law, and indicate that the lat tice of the thick epilayer is

basically relaxed. The overall profiles of the (004) and (002) peaks of the thick epi

layer are essential same and not all'ected by the wavelength dispersion of the source.

This should be attributed ta the structural features of the thick epilayer and will be

discussed later.

Based oa Vegard '5 law, the calculated position of (004) peak of Gao.Bllno.19As is

4.3859[001IÂ-1, but the measured po;ition is 4.33[001]A-I. This disagreement in

dicates a 1.28% out-of-plane lattice spacing expansion of of the thin epilayer. As

sum;ng that the in-plane lattice constant of the tl,in epilayer is strained ta match

the lattice of the GaAs substrate, the Poisson '5 ratio is evaluated ta be v = 0.32
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(ref: Equation 2.8), and agrees with the value that previous measured [851. Th<'

HWHM width of the (OO~) epi-peak of the thin sampie is about O.OOli[OOljÀ -1,

which evaluates the thickness of the thin epilayer to be 500Àand agrees with its

nominal thickness. The (002) peak of the thin epilayer is very w<'ak, which has

been observed by increasing the counting time to 1000 seronds pt'T data points. lts

position in q is half of (004) peak, as expectcd. A barkground of 20 counts I",r 100

seconds appears in all figures is duc to thc dark currcnt of thc dcleclor.

Figure 4.2 shows the out-of·planc mcshes of (004) peaks of thc epillLyers. The

two subfigures on the top, (a) and (b), show the (00'1) epi.peak of the thick sam pie.

The two subfigures at the bottom, (c) and (d) show the (004) epi-peak of the thin

sample. The two subligures on the left, (a) and (l') are meshes in x·z plane, IUld

the two subfigures on the right, (b) and (d), arc meshes in y-z plane. The contours

are plotted in a logarithmic scale and diH'er in intcnsities by faclor of two. The

maximum intensities of the peaks arc labcled as 1". in counts/time in the titles of

figures. The four figures arc drawn in same scales along axes ,,1001], ,,[IIO]x and

q[llO]y and to make it easy to compare with each other. ln principle, the denser

the contour lines are, the sharper the peak is, and the longcr the range of atomic

ordering in the epilayer. The position and width of the (004) of the thick epilayer

as indicated by ;he contours suggest that its out-of-plane structure is close to thal

of equilibrium state. Some asymllletric scat te ring appearing at the lower left corner

of the mesh (a) may be due to the Inicrostructure of the epilayer. The intensity of

the asymmetric scattering can be estimated by counting the number of contour lines

and is about 3 orders weaker (han that of the main peak of the thick epilayer. As

shown in (b), The (004) epi-peak of the thick saml'le is misaligned with the (004)

peak of the substrate to the negative "ide of q[llOly axis. The tail of th" (004)

sub-peak can be seen in both figur"s (a) and (b). Tl.is misalignlIIent of Bra~g peaks

of the epilayer to the substrate could be possibly incluced by the in-plane ':llodulateà
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Figure 4.2: The out-of-plunt' lIleshes of (U04) peaks of epilayers. The maximum eounts of the

Bragg peaks are Inheled as lm in the titles of figures. The counts of each conlour are half of lhe

counts of the contour which is doser to the inlensity maximum. The vertical direction is along

GaAs (001), and the value of '1[OOIJ is referenced 10 lhe origin poinl of reciprocal spaee wilh unil

[ooIJA-I, i.e., A-l. The horizontal directions are along lhe in-plane axes", and y, and lhe value

of q[IIO)", or q[1 IOly is referenced 10 lhe cenIer of lhe Bragg peak of lhe GaAs subslrale wilh unil

[IIOJA-l, i.c., ,J2A-'. The axes of", and y are defined as previously menlioned in lhe discussion of

lhe sam pie. (a) The conlours of (004) epi·peak of lhe thick sampIe in ",·z plane. (b) The conlours

of (004) epi·peak of the thick sample in y-z pinne. (c) The conlours of (004) epi·peak of lhe lhin

sampie in ",-z plane. (d) The contonrs of (004) epi-peak of lhe lhin sampie in y-z plane. In (a)

and (b) lhe lail of lhe cenler slreak of lhe GaAs subslrale (004) peak can be seen.

(
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structure of the epilayer, or the inclination of the whole crystalline (001) planes of

the epilayer with respect to tha' of the substrate. The (004) epi·peak of the th in

sample presents a strong asymmetric scattering in the :c.: plane towards positive

q[llOJx direction, as shown in (c). This asymmetri,' sl"lLttering strongly suggests an

in-plane microstructure. The scattering of the (004) peak of the thin epilayer in y-:

plane is essential1y symmetric. The meshes shown on left and right are the sanlt'

peaks, the different counts of the peak maximums in :c-: mesh and y-: mesh is due

ta the dilferent intensities of the incident beams, which arc determined by the slits

used in measurements.

The q/ scans of the (004) and (002) peaks of the thick sam l'le are fit to EWGL

curves and shown in Figure 4.3. In the subligure (a), the lit position of GaAs (004)

peak for K al line is 4.44G3[001!A -1, which agrecs with the GaAs 1attice constant

within the error bar caused by thermal expansion. The IIWHM width of the GaA~

(004) peak is 0.00123[001]À -1, which is slightly larger than the resolution limit of

q/ scan for GaAs (004) peak because there is a 41L1II Gao,s1lno.I6As on top of it.

1'0 fit the whole curve, the (004) peak of the GaAs substrate is first fit to EWGL

curves with th~ r.orrection for slit elfects, as discussed in Section 3.4. Ali parameters

representing the geometrical and optical features of this setup are then used to fit

the (004) peak of the epilaycr. The (004) peak of the epilayer is fit with two peaks:

one is iocated at 4.393[0011À -1 with HWHM width 0.0038[001]À -1, and another

one is iocated at 4.3885[OOl]À -1 with HWHM width O.0081[00IjÀ -1. The ratio

of integrated intensities of the first part to the second part is 3.13. Alihough the

uncertainty of the In composition of the thick epilayer is 0.07%, the positions of the

first and second peaks of the epilayer are snml1er than the averaged theoretical value

by 0.087% and 0.19% respectivc1y. This fact suggests that the first peak may he

corresponding to the region of the epilayer near the saml'le surface which is almost

compietely reiaxed and that the second peak may he corresponding to the region of
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Figure 4.3: Out-of-plane structure of the thick sam pie determined by q,JcanJ. The intensities

of scallered x-rays due to both of the epilayer and the substrate are fit with Lorentzian-Gaussian

curves with a constant background of 0.2 cauuts pel second. The solid liues are the fitting curves.

The dolled lines are the substrate peaks and the dasi,ed lines are the epilayer peaks. The epilayer

peaks resolved as two parts, the nearly fully relaxed epilayer located at higher q[OOl) with smaller

peak width and the strained epilayer located atlower q[OOI] wi ,bigger peak width. The strained

epilayer is closer to the epitaxia1 interface with out-of-plane strain f, = 0.19% and thickness of

about 1.3Jlnl, which is evn.luat~d by the ratio of integratt:d ~-:attering intensities of the two parts

of epila:;er. (a) (004) peaks of the thick sampie. (b) (002) peaks of the thick sample. 'l'he Ka!

line and Ka' line are weil separated in substrate (004) peak and uuresolved in (002) peaks. The

dispersion etrect of x-ray wavelength indkntes the fact that the double-peak shape of the epilayer

is due to the microstructun:' of the epilayec, not the x-Iay source.
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the epilayer near the epitaxia! interface which is still stmined. The thicknesses of

these two re!lions can be evaluated by the ratio of integmted intensities, which give a

2.7P.TT. regioil near the surface and a 1.3J111l regi>1l1 near the interface. 1'0 evaluate the

thickness, ihe absorption should be accounted for because the measured intensity

of the scattering from the bottom region must pass the top region. The x-my

absorption length of Gao.84InO.1oAs is about 20/L71I.

These arguments have been confirmed by fitting the (002) peak of the epilltyer,

which is shown in the subfigure (b). The (002) peak of the substmte is located at

2.2233[001]À-) with HWHM width 0.00078[00ljÀ -1. The Iirst (002) peak of the

epilayer is located at 2.1956[001]Â -1 with HWHM width 0.00256[00111\-1, which

agrees with the first peak in (004) fitting Md supports the argument of nenrly full

relaxation top layer. The second (002) peak of the epilayer is located at 2.19[00ljl\-1

with HWHM width 0.0033[0011 À-1 , which supports the argument of stmined hottom

layer near the interface. The ratio of integrated intensities of these two parts of the

(002) peak is 5.78. This ratio is about twice as big as that nll'asured in the (004) peak

because of the x-ray absorption dill'erence at (002) and (004) peaks, and supports the

argument of top.bottom regions of the thick saml'le. The about 0.19% disagreement

of the positions of the (002) and (004) peaks of the bottom region tIlay be attributed

to the microstructure near the interface.

Fig 4.4 shows the q, scans of the (004) and (002) peaks of the thick sample.

The subfigures of (a) and (b) are the q, scans along q[llO]x direction, and (c) and (d)

are the scans along q[110]y direction. The HWHM width of the suhstrate (004) peak

in (a) is 0.00083[110]Â-), which agrees with the resolution of q, scan for (004) peaks.

The HWHM width of the (004) epi·peak of the fully rclaxed layer is 0.0048[11011\ -1,

and that of the strained epilayer is 0.0099[1l0]Â -1. The smaller width of the peak

of the top region comparing with that of the bottom region suggests the in· plane

structural evolution of the epilayer as its thickness ~xceeds 1.3/L"'. The Il WHM
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Figure 4.4: Out-of-plune structure of the lhick sampIe determined by q, scans. The solid curves

without pts al~ the q, scans of substrate peaks (raw data). The solid lines with data points are

fitting curves of the epiluyer peaks. The q, scans of the epi-peuks are taken at the two peak

maximums which are indicllled by the q, scuns as shown in Figure 4.3. Each epi-peak is fit with

two parts, and their ratio 'lf maximum intensities is deterlllilled by the fitting of q, scan. The qt

scans and q, scans are fiL alternntively n few Limes to get the physical parameters with improved

accllracy. (a) (004) peaks along x axis. (b) (002) pellks along x axis. (c) (004) peaks along y axis.

(d) (002) peaks along y axis. The width of the peaks due 10 the strained part is about twice Dl

that due to the relaxed part. ln the x direction the epi-peaks Co"c weil aHgned with the sub-peaks,

but in the y direction the epi-peaks are ubout 0.07' misaligned to those of the sub-peaks. The

background of 0.2 counts per second is uccounted for in all dala fittings.

(
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width of the substrate (002) peak in (b) is O.00077[llOjA -l, and those of the top

and bottom layers are 0.0018! llOjA -1 and 0.Oli5[1l0lA -1 respectively. The two

subfigures on the right, (c) and (d), are the similar scans but along q!OOl]y direction.

The HWHM width of the (004) sub.peak in (c) is 0.0014[1l0]A -l, and those of (004)

epi-peaks are 0.0045[1l0]A -1 and 0.0058[1l0]A-1 respectivcly. The (004) peak of the

epilayer is 0.070 misaligned with the substrate (004) peak, and the (002) peaks show

the same feature. This misalignmcnt had been previously explained as tilting of the

crystal planes (lf the epilayer with respect to that of the substrate [851, but can ILIso

be interpreted as the eITect of microstructure in the strained epilayer. The llWlIM

width of (002) peak of the substrate is 0.0013[lloIÂ -l, a'id those of the epilayer are

0.0029[1l0]Â -1 and 0.0035[1l0]A-1 respeetively. The ratio of integmted intensities

of Bragg peaks of the epilayer to th,,( of the substmte agrees with the thickness of

the epilayer. The unit of integra~eci intensity of a Bragg peak is counts.A -2.

With the same method, the q, scans of the (004) epi-peak of the thin sample

are fit, and shown in Fig 4.5. The IIWHM width of the (004) sub-peak along

q[llO]:z: is 0.00021[1l0]A-1. The (004) peak of the thin epilayer along q[IlO]:z: is

fit by two peaks. The HWHM ""idth of the peak weB aligned with the substmte

is 0.0024[1l0]Â-l, while that of peak which is misaligned to the substmte 0.160

is 0.013[1l0]Â -1. These peaks are aB weB aligned to the substmte along ql1lO]y

direction, and their widths are 0.00241110]À -1 and 0.01281110jA -1 respectively. The

width of the substrate along this direction is 0.0002:J[llOIA -1.

The q/ scan of the thin (004) peak is also fit, and shown in Figure 4.6. The sharp

peak is located at 4.3305[001jÀ -1 with HWHM width of 0.00611001]A -l, and the

broad peak is located at 4.33521001jÀ -1 with HWIIM width of 0.0128[001jA -1. The

substrate (004) peak of the thin sampIe is located at 4A462[OOl]À -1 with HWHM

width 0.00072[001]Â-1. The ratio of integrated intensitics of the epilayer to the

substrate is 0.029, and agrees with the scattering of an epilayer of 500Âthick. The
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Figure 4.5: Out-of-plune structure of the thin sam pIe suggestd by q, scans. The solid lines

without pts are fitting curves of q, scans of the substrate (004) peaks, used for indicating the

transverse resolution of the dilfractometer near GaAs (004). The shape of (004) peak of the

epilByer suggestcd il1 a pll1ne microstructure. With the same method as used in fitting qt scans of

the thick sample, the (004) peak of the epilayer is fit as two parts, one is broader and another is

sharper but still quite bigger than the instrumento1 resolution. (a) (004) peaks along '" axis. (b)

(004) peaks along y axis. The broad part of the epi-peak along '" axis is misaligned to that of the

substrate, while it is quite weil aligned IIJong y axis. The sharp part in both '" and y directions are

weil aligned with the substrate.

(
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Figure 4.6: Out-of-plane structure of the thin sample suggested by 'Il seans. The (004) peuk

of the tltin epilayer is fit as two parts, and the ratio of maximum illtclIsilics of the two parts is

delermined by datn fitling of 'Il seans, as shown in Figure 4.5. The dushed line is the tail of the

slreak of the substrate (004) peak. '''he width of the sharper part of the epi-peak agrees with the

lhiekness of the epilayer, i.e., 500A. Combining with the data filling of 'l' scan of this peak, the

total integrated intensity is determillcd, which also eV111uaLcs the thickness of the epilllyer to he

500A.
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width of the sharp part of the epi-peak along q[OOl] direction also gives the samc

evaluation of the thickness of the epilayer. The (002) peak of the (hin epilayer is

weak and not fit.

The fitting of the (004) peak of the thin epilayer shown above is only a prelim

inary examination of the scattering of the thin epilayer. The incoherent summation

of scattering may not be adequate for an epilayer of 500Âthick, which is smaller

than the coherence length of the incident x-rays. The ~catteringof the thin epilayer

as measured should be considered as a single peak with a shape which is due to

microstructure and will be discussed later.

4.2.2 Refiectivity Measurements

Figure 4.7 shows the refiectivity measurement of the thin sample in :Coy plane. The

mesh is performed with a series of w-scans along q.. in which the incident and exit

angles of x-ra:,s are equal with respect to the samp!e surface and summed up to

20. The angle w has been reset as zero with respect to the crystalline plane of the

substrate (ref: Section 4.1.1). The specular refiection of the thin sample occurs at

w = 1.4025°. The cross-section of the incident beam is determined by Slit 3 (ref:

Figure 3.3), which has been set to be 0.1 x 4.0mm in this measurement. The length

of the saml'le along :c axis is 4.6mm. The two "wing"s starting at q. = 0.53À-l

are called "Yoneda wings", which appear when either the incident or the exit angle

of the x-ray beam equals the critica! angle of the sample. The diffuse scattering of

this Sampie is aSYlllllletric towards the lower w side. The subfigure at the bottom of

Figure 4.7 shows three longitudinal scans, i.e., q/ scans, along the surface normal,

at w = 1.35° (solid line), 1.4025° (pts) and 1.45° respectively. The q/ scan ai

w = 1.4025° is on the ridge of the speculaI' scattering, and the wiggles is due te, the

interference of the x-rays refiected from the surface and interface of t;:e thin epilayer.

The asymllletry of the non-speculaI' scattering is shown by the intensity difference
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Figure 4.7: Refiectivity rnea,urement of the thin .ample. The cro..-.ection of the incident x-CIlY

beam is 0.1 x 4.0mm. The counls around 2ù = 0 is half of the incident beam direcUy accepted by

the econter. The spccular refieclion oceurs ut w =1.4025°, whieh is the projection of the miscut

in :z:wz plane. The non-specular scatterillg Îs asymmetric lownrds the lower w sicle. The nlll.xirl~'un

counts which appears at 29 =0 on the top figure is 0800000/100.ec. The two wings around the

specülar reftection and slart at the criticl1l angle arc the so~cl1l1cd uYoncdu." wings. The boUoIn

ligure shows three 10ngitucHnai <calo' ( 29·9 scan ) at w equal. 1.4025' (pts line), 1.35' (solid

line) and 1.45' (dashed line) respeetively. The wiggles appear in the .pecular curVe i. due to the

interference of refiected x·rays from the surfnce and interface. The counting time for the X-Iay

beam at 28 around zero is l second.

'1'.' .
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Figure 4.8: The w scnu of lhin sampie refleclion nI 28 =0.7', The refloc:ion is filled as Iwo

parIs: a) lhe speeular refleclion lvcaled al w = 1.402' wilh HWHM widtil 0.0087'; and b) the

non-speeular scaltering cenlered at w =1.358' wilh HWHM widlh 0.057' . Th., ratio ofintegrated

intensilies of the specular parI 10 lhe non-specnlar part is 0.4. The inlensity of diffuse scattering

at the specular ridge (w = 1.402') is 1.0/7.5 of the inl.nsily of lhe specular scattering, which is

about the average întellsity of lhe sCl1tlering Laken al w equals 1.35 0 and 1.450
•
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".'

of q/ scans taken at w = 1.35° and w = 1.45°. The primnry incident beam at Mm

zero with the sample aligned has been presented !ts a reference. The counting time

for a single data point is 1 second.

'1'0 extract information from the specular ref1ection, the diffuse scattering

should be subtracted. Figure 4.8 shows the w scan cross the specular ridge lLt

29 = 0.7°. This profile can be fit to two Gaussian peaks: a) the specular scattering

peaked at w = 1.4025° and the diffuse scattering peaked at w = 1.358°. The width

of the specular scattering is resolution limited (.6.w = 0.01°), and the width of the

diffuse scattering is five times broader. As shown in the figure, the intensity of

the diffuse scattering at the specular ridge is about 1.0/7.5 of the maximum of the

specular scattering, which can be considered as an average of the intensities taken

at w = 1.35° and w = 1.45°. By subtracting the average intensity of the two off

specular q, scans and normalizing by the primary incident beam, the true specular

refiectivity of the sample is obtained.

Figure 4.9 shows the fitting of the specular ref1ectivity along q•• The thickness

of the epilayer is measured to be 492À. The Tms values of the surface and interface

roughnesses are measured to be 25.3Â 'Lnu 15Â respectively. The ref1ectivity curve

is fit by accounting for the footprint correction in theoretical calculations because

it is different for ](01 and ](02 lines (ref: Section 3.4). The solid curve in the figure

shows L~le refiectivit;, of only I(., li ne wi~h footpl'int correction suppressed. The

specular refiectivity below the criti"'ll angle is evaluated to be 0.6 because of the

intensity lost to the diffuse scattering. The electron density of the epilayer evaluated

by the value of critical angle is about 1.1% larger than that of Gao.BlInO,uAs in the

equilibrium state, and suggests stro,"g in·plane strain. For comparison, the dashed

line shows the calculation with equal l'oughness at the surface and the interface, in

whieh the amplitude of intensity oscillation along q, cquals constant. The doited line

shows the calculation with a smooth interface, in which the amplitude of inten..ity
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Figure 4.9: Spcculur rt'llcdivity of tilt' l!lin stllllpic. 'l'lit' l1\'('ragt' thil'klH'sS uf the cpiluycr is

accurately dctcrmined to be 192(2)À. Tht' dl'{'trull dt'Ilsity uf tlle t'pilaye!' is 1.1% highcr thull

that of calculated valuc, w!tiC'h cali bt· attribuh·d lo tht' ill-plallt' latth~t' cOlltraction. TII(~ rnu

value of surface roughncss is 2!i.:i(2)À and Ihal of illll'rfat'(' rouglllll.·!'ls is lfi(2)À. The colIghncss

we mensured is actuu.lly u. "IOt'al" roll~IIIH'SS (withiu tht, l'Ulll'rt'll('(~ Il'11,1;111 uf tlw x-cay source),

and tan be quitc <lin'crcnt l'rolll the "glub:d" fuugllllt:'!':iS o1JSt'cvl'd by TI~;M ['1U]. The solid curve

without points is tht: reflcctivity curvt' uf I\ut liul' witiluut any footprint ('{Jrrt'l,tioJl. The spccullU

reflectivity below th~ criticrd llnglc is abuut O,G, Th~ uasheu Hile and tJw uottl·d lille show the

effect of alternatcly settÎng the illterfan wlIghncss t:quals tilL' surful'l' (lJlIg!lllt·SS hml Zt:ro, none of

which describes the data.
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oscillation is 1Il0dulated.
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The diffuse scattering ean be studied separately by ignoring the specular scat

tering. Figure 4.10 shows the diffuse scattering at 28 = 0.7°, or "t q, = 0.0498À-1.

The asymmetric geometric factor presented by the transverse scans has been cor

rected for. The angular offset of w is reset and the origins of qz and q. are defined

at the specular ridge. The relation b"tween '0 and qz or qy is given by [37]

qz = q,tan(w - wo), (4.1)

where Wo is the angular position of specular reflection. The rough surface of as

grown epilayer can be approxiuHlted as self-affine and the height-height correlation

function can be written as

(4.2)

where r is in-plane correlation distance, h is the index of fractal dimension and A

is coefficient to present the correlated length scale. The value of h determines how

smooth or jagged (subjectively speaking) such a surface is. Thus, smali values o{ h

produce extremely jagged surfaces, while values of h approaching 1 appear to have

"smooth" hills and valleys. By approximating h equals to one (for simplicity), the

diffuse scattering cau be calculated with the formula

deT 1 = 2ITC -(q.'+y,')/2Aq.'

d() A 4 e ,
" di! q,

(4.3)

(

where C is a proportionality constant. By fitting the diffuse scattering, we obtain

the values of A to be 0.056 along q, and 0.062 along qy.

The reflectivity lIleasurelllent of the thick saml'le is presented in Figure 4.11,

the effect of the substrate can not be seen. It Seems that there is no specular

scattering on the surface of the thick saml'le. The diffuse scattering is maximized

at w = 0.15° along x axis and w = 0.14° along y axis. The surface roughness is

asymmetric, whieh has rms values of 27Â along x and 18À al.ong y. The A coefficient
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Figure 4.10: Rocking curves crossing tht: rcl1ccLioli riùgc und diffuse scatlcring orthc thill sl1JUplc.

(a) Wz Sl,;an at 28 = 0.7. The saille data is shown in Figure 4.8 1 bul heee the counts ure plottcd

in logarithmic senie. (h) 'J y scan ul 28 = 0.7. lt shows lIIorc lhan one specular mBximulII. The

projection ofmiscut in y-z plune is about 1.15'. (c) and (d) show the SUllle data IL' shown in (IL)

in (h) respectively. The asymmetric ft1l..:.tor I1w.inly due to the lUiscut is corrccted u.nd the nUlI1ber

of data points are reduced by tnking one out of five. The coefficient of height·height corrc!ll.tioli

funclion is 0.056 along Il. and 0.062 along '1,.
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Figure 4.11: Rellcelion of lhe lhick sample. (a) q, scan along lhe surfae. normaiat w, = 0.15.

(b) q, scan along lhe surface normal al w, = 0.14. (c) The lmasverse scan cross the ridge of

relleclion along qz. (d) The lmnsverse scan cross lhe ridge of rellectioa along qy. As indicated by

(c) and (dl. no lrue specular relleclion can be idenlified along boll. axes, and ail of the counts are

lreated as diffuse scatlering. The lolal relleclion below the crilical q, is scaled 10 unily and th.

relleclion curves show in (a) and (b) include lhe foolprinl ellec!. The rm. vaiaes of lhe surface

ronghness are 27A and 18A respeclive!y. The coefficienl A eqaal 0.06 along q, and 0.10 aiong qy.
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of the height-height correlation funclion is a1so dill'erent along the two orthogonal

axes, one is 0.06 and another one is 0.10. These paraml'ters are ,'xtrac!ed simply by

comparison, not by fitting the data.

As a summary to this subsection, We have learned: the thickness of the thin

epilayer is 492Âand its surface and interface roughnesses arc 25.3Â and 15À re

spectively. The specular ref!ectivity bclow the critical angle is O.G. There is no

true specular ref!ection of the thick sample, which has asymmctric ronghnesses of

27Â along x axis and 18Â along y axis. The miscuts on the surfare of both samples

are measured, which arc about 2° for the thin sam pie and 0.2U for the thirk saml'le.

4.2.3 In-plane Measurements

The in-plane structures of the epilayers have been measured with glancing incidence

scattering, and the data have been col1ecled with azilnnth mode of the four-circle

goniometer (ref: Section 3.2.3). With glancing incidence sCllltering, the momentum

transfer of the incident x-rays, q, has been principal1y aligned in the x-y plane of the

sample with only a smon ::;"t of·plane component to assure the positive incident and

exit angles between the x-rays and the surface of the saml'le. Dy means of azimuth

mode, the data can be direclly col1ected in the reciprocal space under the constraint

of specular x-ray ref!ection with respecl to the sam pie surface, i.e., "'/, ="'i, as shown

in Figure 3.8. Because the in· plane data arc related to the out-of-plane alignment of

the x-ray momentum transfer in g!ancing incidence scattering, the lattice truncatioll

rods of the substrate crystal should be first studied.

Figure 4.12 shows the (220)~ scattering rod of the substrate of the thin sam pie.

The subfigures (a) and (b) present the same scattering rod with q,-qu meshs, but the

data have been col1ecled in dilrerent referenee coordinale frames. Figure 4.12 (a)

shows the scattering rod with respect ta the surface normal and cleavage edge of the

substrate crystal, while Figure 4.12 (b) shows the rod with respect to the crystal1o-
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Figure 4.12: The (220), lattie< trùncalion rod of the subslrate of the thin sampie. (a) The q,-q.

mesh of the rod at q, = 2.2~~2[1l0Jx with q, along the surface normal. (b) The q,-q, mesh of the

rod at ql =2.223[IIOJx with q, ..long (001) axis of the subslrate. The axis q, in figure (a) has the

same unit as the axis q[i lOly in figure (b). i.e.,.,fiA -1. Both of them have been enlarged by a

factor of2 in the figures f0r c1arity. The lattice truneation rod is perpendieular to the surface of the

sample. The vertical axes q, nnd q[OOIJ hnve the snme unit, i.e., A-1. The offset of the scattering

maximum of the rad niong the verticnlll.xes is cnused by the prùjection of the surface rniscut angle

in z-z plane, i.e .. u.mz' The ~nclinirg Tlugle of the scattering rad towards positive q[l!ujy in figure

(h) is the p1.ojection of the surface misent angle in y-: pinne, i.e., Orny' The scattering rad shown

in (b) has been eut in higher q[OOlj side by the vertical window of SHt 3.

(
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graphic axes of the substrat" crystal. As m"ntiont-d earlier, tht- dt-avage edge of the

sample agrees with one of the in-plane (110) axes. Th" uuit of horizontn.! axis used

for q, in (a) and that used for q[1I0jy in (b) are both l'quai to /2A -l, and enlargt-d

by factors of 2 in the figures for clarity. The units of vt'rtit'al axes in both (a) and

(b) are equn.! to A-1.

The in-plane component of the x-ray mOllle.ltum tran<fer, 'i" shown in Fig

ure 4.12 (a), is set at 2.2222[1I0IÂ -1, which has be"n optimized by a 'il scan. The

intensity maximum of the scattering rod out-of-plane appears Olt 'i. = o.osA -1. Th"

vn.!ue of the x-ray momentum transfer is given by the vet·tor summation of the

in-plane and out-of-plane components and cakulated to be 2.2229[1 IO]A -1. The

angular position of the intensity maximum of the scattering rod on x·circle, i.e., the

angle between the x-ray momentum transfer and the surface of the sam l'le, is 1.46".

This angle is slightly bigger than am" the ",-z component of the surface miscnt

angle, which equals 1.4025" (ref: Section 4.2.:l). The position of intensity maximnm

of the scattering rod is determined not only by the in-plane lattice spacing of the

sample, but n.!so the x-ra; ref1ection and footprint correction on the sample surface.

The crystn.! plane and surface of the sam pie are related by the ',lliscut angle, which

play an important role in i.-:,iane data measurement.

The in-plane component of the x-ray momentum transfer, 'i" shown ln Fig

ure 4.12 (b), is optimized Olt 2.223[IIG)Â -l, Olt whi<:h the mesh in y-z plane of the

sample has been carried out. The intensity maximum of the scattering rod appears

at q. = 0.05[001], indicating the geollletricai and optical cffects of glancing incident

scattering. As expected, the scattering rod inelines towards q[llOly direction by

1.45", which agrees with a my , the y-z component of the surface miscut angle. The

rapid decreased intensity at high '1[001] side of the scattering rod is due to Slit 3,

(ref: Section 3.4).

In principle, the in-plane data can be collected by taking either q!OOI] or l/.
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of the sample as the azimuth reference vector. In both cases, corrections to the

intensities or to the positions of the peaks are required as fitling the in-plane data to

EWGL curves. Because the resolution along qu is relatively low, 0.022Â-1, the out

of-plane component of the x-ray momentum transfer can be easily optimized. Ail the

scatlering rods of the in-plane peaks of the substrate crystal have the same features,

i.e., along the surface normal, but their intensities depend on their orientations

because of the surface miscut. COlllparing with that of the substrate, the scattering

rods of the epilayer are longer and weaker due to its smaller thickness.

Figure 4.13 shows the contours of four in-plane peaks of the thin sample: (220):

peaks in (a)i (220)" peaks in (b); (440). peaks in (c) and (440)" peaks in (d). They

are ql-q, meshs in the x-y plane of the sampIe reference frame and taken at qz =

O.O[OOI]Â -l, where the intensity of scatlering is optimized out-of-plane (ref: Fig

ure 4.12 (b)). The four su bstrate peaks of GaAs crystals are located at the positions

as elC.pected: the (220) peaks at 2.223[1l0jÀ -1 and the (440) peaks at 4.446[1l0jÂ-I.

The dispersion of [(al and 1(a2 emission lines of the x-ray source are clearly shown

in the higher order peaks. The substrate peaks are sharp with high intensity. The

broader parts of scattering in these figures arc due to the GaO.8IIno.19As epilayer.

As the contours show, the in-plane atomic ordering of the epilayer is not as good as

that of the substrate. The dispersive eITect of the ](01 and ](a2 lines of the source

helps us to identify the scattering of the epilayer because it is different for (004)

and (002) peaks (ref: Seolie.n 3.3). The in-plane peaks of the epilayer do not match

the in-plane peaks of t.he substrate, which reveals a residue incommensurability be

tween the epilayer and the substrate. The broadening of the high order peaks, of the

epilayer, as indicated by the density of the contour lines, demonstrates the strong

non-uniform microstrain of the epilayer with respect to the epitaxial interface. The

misaligmuent of the center of the epilayer peak and the substrate peak along q[llOjv

axis is observed.
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(220), peaks. (c) The (440). penks. (d) The (440), peaks. '!'he lIIeshs ure lakell ul q. = 0.01001].

The peaks of the GaAs substrate are sharpcr and thosc of the cpill1ycr ure bronder. COlllparinK

(220). peak wilh (440). pe3k, or cOlllparillg (220), peak wilh (440), peuk, lhe wa.clenglh dis

persion of x-cay source and the scattering of the epilo.ycr cali !Je t'usily idclltifieu. The widths of

epi-peaks are more lhan lwite as brand in lhe (440). and (440), peuks lhun lhose in lhe (220).

and (220), penks, os shawn by the density of canlour lines. The cenlers of lhe epilnyer penk. nre

0.18% mismalched lhnl oflhe suhslrale. A 0.03' lIIisaliglllllenl oflhe epiluyer peaks la lhnl oflhe

subslrate along the q[110]y axis hns heen shawn in halh (h) and (d).
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The more quantitative analysis of the peaks of the epilayer is given by fitting

the peaks along both q/ and q, axes through the intensity maximums, as shown in

Figure 4.14 and Figure 4.15 resl'ectivcly. The fitling of the longitudinal and trans

verse scans of the (220), peaks indicates that the peak of the Gal_,In,As epilayer

is 10cated at 2.2193[1l0jA -1 with HWHM widths 0.0052[1l0]A-I along q[llO]:z: and

0.0036[110]A -1 along q[llO)y. The residue incommensurability between the thin

epilayer and the GaAs substrate is 0.18%. As described in Section 2.2, this incom

mensurability usually results in a modul"t~d structure at the epitaxial interface,

which will he discussed later .. The in-plane straiu of the thin epilayer at the inter

face is measured to be 1.13% along (110), axis. The in-plane strain along the (110)"

axis is the same, except the 0.03° misorientation of the peaks of the epilayer with

respect to those of the GaAs substrate. The HWHM widths of the (220)" peak of

the thin epilayer is 0.00461110jA-I along q[llO]y and 0.00431110]A -1 along q[110]:z:.

The (440), and (440)" peaks are fit in the same way as for the (220), and

(220)" peaks by accounting for the dispersive effect (rel': Section 3.3). By doubling

the positions of the (220), and (220)" epi-peaks, the peak widths o~ the (440),

and (440)" of the erilayer are evaluated. The HWHM widths of the (440), ep:

peak are 0.0097[1l0jA -1 along qlllO]x and C.n064[1l0]A -1 along q[110]y respective1y.

The HWHM widths of the (440)" epi-peak are 0.0094[110jA -1 along q[110]x and

0.00801110]A -1 along q[llO]y respeclively. The broadening of tl.e peak widths at

higher order scatterïng indicates the non-uniform strain at the epitaxial interface.

The contours and scans also show that the peaks of thin epilayer are broader along

q[llO]x than along qlllO)y.

Figure 4.16 shows more contours of the in-plane Bragg peaks of the thin saml'le.

The peak represented the vector summation of (220), peak and (220)" peak in the

preferential quadrant is denoted as (400) peak and shown in Figure 4.16 (a), and

the peak represents the veetor subtraction of (220), and (220)" is denoted as (040)
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peak and shown in Figure 4.16 (b). Comparing with the (400) peak, the intensity

of the (040) peak is much weaker because of the surface miscut which produces a

preferential quadrant for glancing ;ncidence x-ray scattering. The shape of (400)

or (040) peak may be considered as two peaks superimposed on each other with a

small shift in position, or it may have an assymetric single peak due to the in-plane

microstructure. '1'0 fit the scans to EWGL curves, the HWHM widths of the (400)

peak of the epilayer are evalu<tted to be 0.0075[100]Â -1 in q/ scan and 0.0079[010]A-1

in q, scan, as illustrated by Figure 4.17. The width of the GaAs substrate peak is

bigger than the resolution limit because of th·, GIXS geometry.

As mentioned earlier, it seems that there is some "extra" scattering at the low

q[llO]:z: side of the (220), peak of the thin epilayer, which can not be fit exactly to

a EWCL curve. These "extra" counts can be fit by adding another EWGL curve,

which is peaked at 2.213[110):z: with HWHM width 0.0107[11O]Â -1, as shown in

Figure 4.18. Because of its smaller q and broader HWHM width comparing with

the peak at 2.219[110]"', this part of scattering may be attributed to the epilayer

near the top surface, which can be less strained by the GaAs substrate than that

near the epitaxial interface. If this is correct, an in-plane structural evolution ot' the

epilayer along the direction of growth is suggested. The evolution can be possibly

studied by changing the penetration depth of x-rays in glancing incidence scattering.

Figure 4.19 shows the x-ray penetration depth to the thin sample as the out-of

plane component of the x-ray momentum transfer changes along the surface normal

of the saml'le. The solid li ne is the penetration depth to the epilayer and the dashed

Hne is the penetration depth in the substrate. The penetration depth of the x-ray

evanescent wave is 21Âwhcn the incident angle is zero, i.e.,q, = O. In principle,

the total external refiection will occur up to q, = 0.053Â -1. The refiectivity .an

be significantly less than one because of the absorption and surface roughness, as

discussed in last subsection. There is no total external refiection at the epitaxial
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interface because the substrate is not a lcss dcnse optical nh'dium for x-rays with

respect to the epilayer. The valucs of e1cctron dcnsitics and thc absorption coef

ficients of the epilaycr and the substratc uscd in this cakulation arc takcn from

literature [23]. The values obtained in relicctivity mcasurcmcnts (ref: Scction 4.2.2)

make little change in evaluating thc x-ray pcnctration dcpth.

Figure 4.20 shows the in-plane structure dcpth profiling carricd out Mong thc

(220). scattering rod. The intcgrated intcnsity of thc (220). epi-peak of the thin

sample reachs the maximum at '1, = 0.07Â-1, and that of the (220). substrate peak

reachs the maximum at '1, = O.osÂ -1 (ref: Figure 4.12). Be(:ause the scattering

rod is misaligned with the q[OOI] axis of the samplc, thc geollletricai correction is

required in fitting the positions of Bral!g pcaks. Ali profiles of the scattering can

be fit to the three peak 1II0del used in Figure 4.1S, in which one peak is 10cated

at '1 = 2.223[1l0jÂ -1 for the substrate, two peaks fur the epilayer arc 10cated at

'1 = 2.213[1l0jÂ -1 and '1 = 2.219[1l0jÂ -1 respectivcly. At '1, = 0.02Â -1, the pene

tration depth ofx-rays is about 21Â, as illustrated by Figure 4.19, and the scattering

intensity of x-rays is dominated by the epilayer at the surface. As the penetration

depth increases with '1" more and more scattering duc tu the bottom part of the

epilayer and the substrate is lIIeasured.

Figure 4.21 shows the evolutiun of integrated intensities due to the three parts

scattering of the thin sample along '1,' The scattering intensity is mainly duc to

the epilayer when the penetration depth of the x-ray evanescent wave is small. The

intensity of the top part of the epilayer increase slow with '/, and soon gets saturated

at '1, = 0.07Â-1 because of its limited thickness. The scattering intensities of the

epilayer near the interface and the substrate increases faster with '1,. The ratio of

the integrated intensities from different parts of lllateriais can be used to evaluate

the amount of materials which scatter x-rays. Based on the positions and integrated

intensities of these peaks, wc find that the thin epiJayer is strongly strained in-plane
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Figure 4.21: The inlegrnled inlensilies of the lIuee pnrls of senltering of lhe lhin sl"nple (220).

peaks. The scallering of lhe lop snrfnee of the epilnyer, denoled l1S E2, is larger lhan lhnl of

the epilayer near the interface and of the substrate at 5111ull €JI! Lut increases slowc:r with q~

due to ils limited thickness and rcachs the il1tensity muximum at q, = 0.07A-1. The ratio of

integrated intensities can be used 10 cvaluate the umoulll of IIItltcriuls which BeaUce x-cays. 'fhe

plots ofintegrated intensities also provide a low rcsolution informution on the out·of-plane widths

of (220). peaks which are reciprocal 10 their lhieknesses.
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to match the substrate. But it remains 0.18% incomIllensurability to the GaAs sub

strate near the interface up to 400À, and this residual incommensurability is rela.xed

to 0.45% near the surfar" of the epilayer. The out-of-plane footprint correction will

raisc the scattering intensity at smali q" as indicated by Equation 3.29, but its

correction to the ratio of integrated intensities of different parts can be ignored.

Figure 4.22 shows the contours of the in-plane Br~gg peaks of the thick sample.

With the geometry of glancing incidence x-ray scattering, the in-plane peaks of the

GaAs substrate can not be seen bccause x-rays can not penetrate the thickness of

the epilayer (ref: Figure 4.19. The axes of the sample coordinate system have been

defined with the (220). and (220). substrate peaks from the edges of the sample.

The sampie is translated horizontaliy afler setting the oriental.ion matrix to perform

the glancing incidence scattering. The reference coordinates can also be examined

and corrected by means of the (331). and (331). substrate peaks to make sure the

orientation IIlatrix has bcen correctly set. Optimizing the intensity of (220). peak

with x-circle gives the value of X of 0.488°. This value means the angle between the

incident x-rays and the surface of the sampie is ai = 0.188°. With the same value

set on x-rircle, the out-of-plane components of the momentum transfer q are qz =

0.026[001jÀ -1 for the (220). and (220). epi-peaks, and qz = 0.053[100]À -1 for the

(400) epi-peak, which is located in the preferential quadrant of this sample. The

(040) peak is not located in the preferential quadrant, and its scattering is optimized

at qz = O.O[OOl]À -1 with maximum intensity of 100 counts per 100 feconds. The

weak scattering of (040) epi-peak is merely used as a reference here. The shapes

of all the in-plane peaks arc consistent and clearly indicate the in-plane asymmetry

and the uniaxial microstructure of the thick epilayer along (110). axis.

The q, and q, scans of the in-plane peaks of the thick epilayer arc fit to EWGL

curves, as illustrated in Figure 4.23 and Figure 4.24 respectively. The (220). peak

is located at 2.20[110jÀ -1 with HWHM width 0.003[110]À -1 along (110). axis.
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Figure 4.22: Contours of in-plano Bragg peaks of Ihe thick sample. (a) q,-q, mesh of the (220).

epi-peak. (b) q,-q, mesh of the (220). epi·pt·ak. (c) q,.q, mesh oflhe (400) epi-peak. (d) q,-q, mesh

oflhe (040) epi-peak. The shapes oflhe peaks indicale Ihe good ulomic ordcring along (110). axis

and modulaled slruclure along (IlO) •. The (400) peak :s localed allhe preferenlial quadranl and

demonslrales a combined slructural fealure of Ihe (220). and (220)y peaks.
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Figure 4.23: ln-plane slruelure of Ihe Ihick sumple wilh q, scans. The (220). and the (440).

epi-peak. can he fil 10 single EWGL curvcs. The posilions of Ihe peaks along (110) indicate the

complete slrueluml relaxation ulong Ihis axis, and Ihe widlhs of Ihese peaks indicate the good

alomic ordering. The scallering along (lia), cun he fil 10 Ihree EWGL curves. The three peuks

are weighted averaged at the positions indicated by Vegard 's law 1 i,e., the same positions as along

(110). axis.
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curves shown in (a) have been luken al q, = 2.187[1 10Jx, 2.200[1 10Ix Ilnd 2.206[1 10)x respeclive/y.

Their shapes, positions and intensity ratios have also beell illdiclltcù in the contours llnd q, scan.

(b) (220). epi-peak al q[IIO)y =2.201[IIOJA-'. (c) (110). epi-pellk III q[110Jx =4.410[lIoIA -1.
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The transverse scan of this peak have been fit to two Gaussians centered at the

same position, and their HWHM widths are 0.OCl2[llO]A-1 and 0.0038[11O]A-1

respedive1y. The q/ scan of the (440). epi.peak is located at 4.40[110]A-1 with

IIWHM width 0.0042[1l0]A -1. The double Gaussian HWHM widths of the q,

scan of the (440). epi·peak arc 0.0023[1l0jA-I and 0.0076[110jA-I respectively.

The shapes of the (220), and (440), peaks are complicated, and the q/ scans can

be fit to three EWGL curves. For the (220), scatlering, one peak is located

at 2.20[1l0jÀ -1 with longitudinal llWHM width 0.0056[1l0]À -1 and transverse

IIWHM width 0.0046[1l0IA-l. This peak agrees with the peak along (110). axis.

The second one is centered at 2.l87[ llO]A -1 with longitudinal width 0.0034[110]Â-1

and transverse width O.OOl[llO]A-I. The third one is centered at 2.206[110jÂ-1 with

longitudinal width 0.0022[110]Â-' and transverse width 0.001[110jÂ-1. The total

integrated intensity of (220), scatlering agrees with that of (220). scattering the

thick epilayer. The (440), epi.peak has been fit in the same way. The first peak

is centered at 4.3992[1l0jA -1 with longitudinal width 0.015[1l0]A -1 and transverse

width 0.0093[1l0]À -1. The second peak is centered at 4.3745[110jÀ -1 with longi·

tudinal width 0.0063[110]À -1 and transverse width 0.002[110]Â -1. The third peak

is centered at 4.412[110]Â -1 with longitudinal width 0.0036[1l0jÂ-1 and transverse

width 0.002[1l0jÂ -1.

Figure 4.25 shows the in· plane structure depth profiling of the (220). peak of

the thick epilayer. As expected, the (220), peak of the substrate can not he seen.

The overall scatlering intensity of (220), in·plane epi·peak is rnaxirnized at q, =

0.04Â -l, which is equivalent to q, = 0.026[110jÂ -1 by accounting for the surface

miscut. The depth profiling of this peak shows that the scattering profile of the

epilayer slightly evolves as the penetration depth of x·rays increases.
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{
4.3

4.3.1

The Analysis

General Characterization

(

(

Ali of the out-of-plane and in-plane data presented in last section for both of the

thick .".::lple and the thin saml'le have been schematically summarized in Figure 4.26

and Figure 4.27 respective1y. A genera! struel"ral char"cterization which is mainly

based on the analysis of the positions and widths of Bragg peaks is presented in this

subseelion.

As illustrated by both Figure 4.26 and Figure 4.27, the Bragg peaks of the

GaAs substrates are sharp and intense, and located at the positions as expected.

The Bragg peaks of the GaAs substrates have been used to define the reference

frame in our lIleasurelllent and have also provided an accurate determination of the

lattice constant of the GaAs crystals used in our samples. This lattice constant has

been lIleasured to be 5.6531(3)À. The resolution limited widths of the Bragg peaks

of the GaAs substrates indicate their struelural perfeelion.

Since the struelure and lattice constant of the GaAs substrates are weil de

fined, lhe structure and lallice constants of the epilayers can be evaluated by their

scallering with respeelto that of the substrates, or evaluated independently because

the reference frallles have been defined. The location of the scattering maxima of the

epilayer in reciproml space as shown in Figure 4.26 and Figure 4.27 indicates that

the struelures of epilayers can be regarded saille as that of the GaAs substrates, but

with different lattice parallleters. These lallice parameters can be different in-plane

and out-of-plane with respeel to the epitaxial interfaces if macrostrains exist.

The average lallice constant of the thick epilayer is 5.717(4)Â, based on the

evaluation of the average positions of the out-of-plane and in-plane peaks. Accord

ing to the Vegard's law, as indicalcd by Equation 2.19, the In compe ition of the

thick epilayer is calculated to be 15.8%, which is fairly ciose to the value previously
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Figure 4.26: The schematic sUlluuary of the thick Slllllph:. 'l'he ill-plaJie pcuks of the GuAs

substrate can not he seen. The average 111tticc constants of the thick cpill1ycr evuluatcd by Loth

out-of-plane and in-plane epi-pcaks agrte with the valuc of cquilibriulI1 bulk sttJ.Le within 0.07%1

which indieates a nenrly complele struclural relaxation. The shapes of epi·peaks along (110).

axis suggest an uninxinl displneive modulation. The in-plane grcy spols along (110). denole lhe

average peak positions wilch agree wilh the peak positions ulong (lIO)!,' The misalignment of the

scattering maxima of the tpiluyer and the su.)sLralc in y·z plane CUIl he iuLcrpreted as a tilt of the

crystal planes or the microstructure of the l'pilayer.
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Figure 4.27: Th" sch"matic summury of the thin sUlllpi". Ali th" Brngg peaks of tho epilayer are

considernbly bronder thul! thut of the GaAs substrate, which are resolulion Iimited. The in-plane

penks of the epilnyor shif< towards thnt of the substrate nnd reduce the incommensurability from

1.36% to 0.18%. Th" out-of-plnne p"nks of the epilayer shift awny frolll that of the substrate and

leuds to 1.28% strain nlong the direction of growth. The (004) peak of the epilayer has a sharp

spike and a brond shouldcr, which is uSj'l11l1letric in x·: pinne, and quite symmetric in ~z plane

of the rcciprocnl space. This shape of scnttering suggests an nSYllunetric microstructure of this

epilayer.
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estimated. The In composition of the epilayer can also be evaluated by the ref1ectiv

ity measurement in which the critical angle of the specular reflection is determined

by the electron density of the epilayer. The cledron density of the thin epilayer

evaluated by this method, as presented in Section 4.2.2, is about 1.1% larger than

that calculated by Vegard's law with weighted average of 19% ln composition. This

discrepancy may be attributed to the strain efl"ect which increases the clectron den

sity, or in other words, decreases the volume of unit cells of the epilayer. The average

volume of an. unit ccII of the thin epilayer can be evaluated by the positions of Bragg

peaks. The in-plane peaks of the thin epilayer shift towards that of the substrate

and reduce the incommensurability from 1.36% to 0.18%. The out-of-plane peaks of

the epilayer shift away from that of the substrate and result in a 1.28% lattice expan

sion along the direction of growth. This shift of peak position suggests a tdragonal

distortion of the thin epilayer, and the Poisson's ratio is evalnated to be 0.36. This

value of Poisson 's ratio is about 12% larger than tlmt previolls reported for this

system [85J (ref: Section 4.2.1). The directly measllred ill-plane lattice constant is

5.6631(2)Â, and out-of-plane lattice constant is 5.8037( 1)À. The percentage dilfer

ence of the unit cell volumes between the strained thin epilayer and the eqllilibrillm

state of Gao.81Ino.19As (a = 5.7303À) is calclliated to be -1.08%, which agrees fairly

weil with the increase of electron density in the epilayer evaluated by reflectivity

measurements.

Even though the thick epilayer has been consideree! as nearly compl"tcly re

laxed for evaluating the lattice constant of its equilibriulll state, the data have

revealed more structural detail, such as an aSYlllllletry and satellite peaks, whieh

may be particular to the epilr.yers and require special analysi.. As shown in Fig

ure 4.26 and Figure 4.27, both of the thick and the thin epilayers havc demonstrated

an asymmetrical in-plane structures, such as that thc shapcs of the in-planc Bragg

peaks are different along axes x and y, or the out-of-planc Bragg pcaks arc dilfcrcnt
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in the two perpendicular transverse scans. The structural characterization will be

started with the scattering in the y-z plane of the thick sample, because it seems

have the simplest structural features.

According to the out-of-plane measurement. :lS sh.1wn in Figure 4.3, the thiek

epilayer can be separated as two structural regions. Il.egion l has lattiee constant

a, = 5.7218(2)À, and is about 2.71Lm near the top surface of the thick sample.

Region II has lattice constant a, = 5.7306(5)À, and is about 1.3JLm near the epi

taxial interface. The structural regions of the thick sampie in y-z plane has been

schematica!ly illustrated by Figure 4.28. A subregion of about 0.02JLm thick at the

top surface of the sampIe, labelled as region la in the figure, is defined by the pen

etration depth of the x-rays in glancing incidence scattering. Region la is used for

convenience, which implies that only the in·plane lattice constant in this region has

been adually measured, and this lattice constant can be different with other parts

of the thick epilayer.

As indicated by the data of reflectivity measurement presented in Section 4.2.2,

the surface normal of the thick sampie is misaligned with the (001) axis of the GaAs

substrate by 0.14°, and the "ms value of the surface roughness of the thiek epilayer is

18Â as observed along (110). axis. The out-of·plane data for both (004) and (002)

peaks delllonstrate the centers of Bragg peaks of the thick epilayer are misaligned

with that of the substrate by 0.07° towards the negative side of (110). axis. This

misalignment can be interpreted as a tilt of the crystal plane of the epilayer around

the (110), axis.

The domain size and microstrain of the epilayer can be evaluated hy studying

the widths of the Bragg peaks. Because the measured peaks of the epilayers are

usually Gaussian-like (ref: Section 4.2), the peak widths of Bragg scattering, t!..q

can he evaluated by the formula [231
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Figure 4.28: Regional structures of the thiek epilayer iu y·z plaue. The region 1 aud region Il

of the epilayer are identified by out·of·planc rncaslucmclIl l which have thickncsses of 2.7Jlnlund

1.3J.Lm respectively. Region In is part of region 1 is out·of-pll1llc IIIca.'iUrelllent l und is identified

by the penetration depth of glaneing incidence scauering. III l1ctuulity, the in·pll1ue mellSuremenl

with GIXS has becn only performed in rcgion lu, which is approximutcd ta O.02J.Lm. The surface

normal is misaligned with the (001) of the substrate by 0.14' aud the crystal plane of the epilayer

is tilted with respect to that of the substrate by -0.07'. The "US value of the surface roughnes.

as viewed in y-z pinne is 18À.
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Figure 4.29: The epi-peak widths of the thiek sampie along y axis. The open squares and open

triangles are the data points of normal Bragg seattering with q, seaas for region 1 and region II

respectively. The full squares are the data points of gluncing incidence scat te ring with q, scans

for region la. The domuin sizes and microstrnins in these regions can be evwuated according to

Equation 4.5. The unit of momentum trunsfer q is A-1, und the unit of HWHM widths of the

peaks, tJ.q, is fiA-'. The error bars denote the resolution limits of the setup.
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(4.4)

where Llqm is the measured value and fiq, is the instrumental resolution, as illus-

trated in Figure 3.6. AIl the widths of peaks used in this thesis are lIWIlM values.

In general characterization, the width of Bragg peak, Llq, l'an be principal1y at

tributed to size broadening and strain broadening. The size broadening is caused

by the termination of coherence in the ordering of scatterers, which has the saine

effect to aIl Bragg peaks. The strain broadening is caused by positional deviation of

individual scatterers from the regular ordering, which is proportional to the value

of x-ray momentum transfer. The mathenmtical expression of the peak broadering

l'an be written as the sumnuttion of these two parts of broadening [21,231.

0.9471' (Lla)Llq = -p- + -;; 'l, (4.5)

where p denotes the average domain size, and ~" denotes the microstrain. The

measured peak widths of the thick epilayer in y-= plane are il1ustmted by Figure 4.29.

The slope of peak widths in terms of the value of q is used to evaluate thc microstrain

and the average domain size is obtained by the extrapolation of pcak width at

q = O. The extracted structural parameters of the thick epilayer arc prescnted in

the following table, in which the suhscripts dcnotc the error bars.

~ a,(Â) 1 a,(À) 1 f,(%) 1 f,(%) 1 (~") (%) 1 (~") (%) 1, u

region la 5.71233 -0.072 0.061

region l 5.72182 0.072 0.051 0.101

region II 5.7306• 0.24 2 0.22 2 0.151

.~.'



CIlAI'TER 4. IŒSULTS AND DISCUSSION 119
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As evaluated by the extrapolation of the peak widths of the out-of-plane mea-

surement, the average domain sizes in region 1 and region II are about the same,

1650(100)..4. The major difference to characterize the in-plane structures of the thick

epilayer at region 1 and region II is their microstrains, as indicated by the values

of (~.). in the table. This observation suggests that the strained epilayer near

the epitaxial interface can be relaxed through the evolution of microstrains as the

thickness of the epilayer increases without generating more dislocations. From the

scattering the structural features of the thick epilayer along the (110). axis are very

different from those along (110). axis, and can not be simply characterized. They

will be discussed in next subsection.

With the same method, the in-plane microstrain of the thin epilayer can be

evaluated. The eight widths of the four in· plane Bragg peaks of the thin epilayer,

as presented in Figure 4.13, are summarized in Figure 4.30. The values of the

in-plane widths are slightly different between qt and q, scans. By extrapolating

the average widths along q[110]x and q[110]V axes, the domain sizes are estimated

to be 3100Âalong (110)., and infinitely large along (110).. Here infinitely large

should be understood as weil beyond the resolution limit of our diffractometer.

The microstrains of the thin epilayer are evaluated to be: (~.). = 0.21% and

(~.). = 0.14%. Once again, we see the in-plane asymmetry in the values of domain

sizes and microstrains. The value of 3100Â for the average domain size along (110).

axis agrees with the theoretical domain size calculated with Equation 2.10 for the

epilayer with 0.18% incommensurability.
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Thin, in-plane epi-peak widths
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Figure 4.30: The in-l'Inne epi-peak widths of the thin sam pIe. The extrapolation of the peak

widths along (llO)y givcs the domain sizc, IJ'J =3100 AI und the lIIicrostmiu, ~ =0.14% The

extrapolation of the peak widths along (110)z- givcs tht: domain sizt" pz = 00, und the microstraÎn ,

~ =0.21%.
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(
4.3.2 Modulated Structures

(

(

As discussed in Section 2.2, the competition between the interfacial energy and the

e1astic strain encrgy in heteroepitaxy may result in a modulated structure. This

modulated structure affects the shape of Bragg peaks in x-ray scattering measure

ments. In conventional x-ray structural characterization wc usually fit the Bragg

peaks to EWGL curves. Based on the parameters which define these curves, such p.s

the positions, widths and intensities, wc are able to extract structural information

of the epilayer, such as the lattice constants, domain sizes and strains. However, im

portant information of the microstructure of the epilayers is carried in the shape of

Bragg peaks and has been ignored. In this subsection, wc will discuss these effects.

Modulated structures can be investigated by studying the shape of Bragg

peaks. But not al! anomolous peak shapes correspond to modulated structures.

Before we study the modulated structures, l would like to discuss what affects the

shape of experimental!y observed Bragg peaks in more detai1.

An experimental!y measured Bragg peak results from three parts: a) a co

herent summation of scattering from an assembly of scatterers within a coherence

region, and b) an incoherent sumlllation of lllany such regions within the illuminated

volume, ann c) the convolution of this scattering with the resolution function of the

diffractometer. The coherence regions and the illuminated volume are determined

by the incident x-my beam (ref: Section 3.1). The resolution function of the diffrac

tometer and the x-ray source have been discussed in Chapter 3. Loosely speaking,

the coherent SUllllllation corresponds to a structure whereas the incoherent summa

tion corresponds to the distribution of possible structures. A normal Bragg peak

may be fit to a sharp EWGL curve lilllited by the instrument resolution function,

or a broad EWGL cur'le with width larger than the resolution limit. The former

indicates a perfect order of scatterers. Il is observed for the GaAs substrates we

used and provides us a single structural parallleter, the lattice constant. The latter
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• indicates sorne imperfect order in the scatterers, whirh l'an inr1u<!e modulated strur

ture as weIl as many other types of disordl'r. Wc are not able to distinguish them

without further information. This imperfertion in ordering ran be partially charac

terized by other structural parameters, such as the domain size and the strain (rcf:

Section 4.3.1). This strain is usually rcferred to as 11. mirrostrain in conventional

characterization, because the overall strain, here rcferred to as the macrostrain, is

related to the average position of the peak and not indepen<!ent from the paramcter

determining the lattice constant. A Bragg peak which is not well charaeterized by

a EWGL curve needs to be characterized by more paratneters.

Given a detailled mode! of the structure of the material it is possible to calcu

late the expected x-ray diffraction profiles, it is not possible to infer uniquely what

structures a given diffraction peak represents. In this sel'lion 1 will present some

models to compare with the measured difrral'lion patterns. These modcls will hope·

fully give insight into possible structures in these nlilterials and more iml,ortantly

give sorne idea on what types of structures arc not allowed.

Once we know the resolution function of the difl"ractometer and account for its

elFect in data analysis, the line shape analysis of Bragg peaks can be reduced to the

two summations: coherent and incoherent. Some peaks will have thcir slHLpe duc to

the incoherent summation from regions with different structures. This case can be

analysed by fitting the data to a linear combinatioll of two or three EWGL curves.

We have discussed such fits to c!mracterize the difl"erent regions of the epilayers (ref:

Section 4.1 and 4.3). By studying many peaks, at low '1 and high 'l, in·plane and out·

of-plane, we have convinced ourselves that the data Îllterpretation makes sense and

can not be explained better in other way. For exalllple, wc have fit both the (004) and

(002) peaks of the thick epilayer as 11.11 incoherent sUlllluation of two peaks due to the

top and bottom regions of the thick epilayer, and obtailled a reasonable explanation

for the positions, widths and intensities of these peaks (ref: Figure 4.3 and 4.4, and
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j. Section 4.2.1). We have also fit the (220), peak of the thin epilayer as two peaks

due to the regions near the surface and near the epitaxial interface respectively and

obtained direct information about the structural relaxation in strained epilayer (ref:

Figure 4.18 and 4.20). We have, in fact, fit all our data with combinations of these

line shapes, even in cases where it may not be appropriate. Not all peaks of a

complex nature can be analysed in this simple way because the physical structure

m:J.Y not be simple. Modulated structures are an example and they would determine

the coherent aspect of scattering summation. For example, the in-plane peaks of the

thick epilayer are considerably difl'crent along the (110), axis and the (llO)y axis.

ln conventional characterization, the Bragg peaks along the (110), axis suggest

three lattice constants. Is this due to three regions of the epilayer? If so, why

is there only one lattice constant along the (110). axis? Another example is the

(004) peak of the thin epilayer, which is asymmetrically distributed along the (110),

axis with respect to the (004) peak of the GaAs substrate. This peak has been

fit as the sum of two EWGL curves, and suggests that there are two regions of

the thin epilayer: one is aligned with the substrate, and the another one is tilted.

Does this interpretation make sense? How are these regions distributed over the

epilayer? If they arise from two dilferent regions, by translating the saml'le to look

at dilferent regions of the epilayer, we could maybe expect to find, one spot on

the saml'le which only has the peak which is aligned with the substrate, or the

one which is misaligned. We have translated the saml'le, and taken data over a

region much bigger than the illuminated spot of the incident x-ray beam and have

observed the same pattern with the :;ame relative peak intensities everywhere. These

questions suggest tbat some ollter iderpretation of the data is required. One such

interpretation is given by modulated structures. We use these simplified models to

try to extract some information about tbe nature of possible distortions. Although

over simplified, they incorporate some of the essential features of how one might

expect the dislocations which are created to relax the structure could effect the
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scattering. Because x-ray srattering data l'an be usually redm'ed to one diml'nsional

analysis and the perspective modulated structures Sl'l'Ill uniaxial, we simplify our

discuss of modulated structures to one dimensional problellls.

Let us first consider a one dimensional atomie chain, as illustrated by Fig

ure 4.31. For simp!icity, all atoms in this chain are assumed to be the same type. A

fundamentallattice is presented in (a). This latticl' is dlilraderized by two param

eters: 1) the form factor of a single atom, fi 2) the lattÏ<'e constant, a. One of the

simplest modulations to this lattice is a sine wave modulation, as presented in (b)

and (c). In (b), the displaeement of each atom in this chain from its lattice point

in the fundamental lattice has been plotted. For simplicity, we assume that the

displacements of the atoms are confined to one dimension along the atomic chains.

'1'0 characterize this atomic chain, as shown in (l'), we need two more parameters:

1) the period of modulation, N . a; 2) the magnitude uf moduhüion, e . a. The

value of e corresponds to the microstrain in a conventiunal c1lilraeterization (ref:

Section 4.3.1). In the modulated chain shown in (b) and (c), the modulation pa

rameters are: N = 6, and e = 0.2. If the continuity of modulated chain is disrupted

between adjacent modulated periods, as shown in (d) and (e), we need more param

eters to define this chain. The simplest case is that all the breaks occur at the same

place with respect to a single modulated periml and shift the modulated periods

the same amount from every adjacent period. The average lattice constant changes

to a(1 + E), where E corresponds to the macrostrain in a conventional charaeteri

zation (ref: Section 4.3.1). If the modulation within a 1Il0duiated period vanishs,

i.e., e = 0, we will have a lattice chain as shown in (f). As we have seen, the values

of parameters a and f of the atom chains from (a) to (f) are defined rclatively and

depend on the way one defines the average lattice constant of the chain.

Based on the above picture of an atomie chain, now let us consider two extreme

cases of modulation: 1) the modulation exists within a domai" (a single lTlodulated
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Figure 4.31: The one·dimensional modulaled alomic chain. (a) Fandamenlallattice. (b) Dis

placive modulation by plane \Vave. (c) Modulated lattice (commensurate). (d) A phase shift

between modulated periods. (e) Modulatcd lattiee (incommensurate). (f) Modulated lattice (dis

commensurate). The avemged lattice constnnts of (a) and (c) are same, and those of (e) and (f)

are same. The chang~ of Inttic~ COlIstnnts fr01l1 (c) to (e) is ncconlluodat~d by macrostrain.
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period}; 2} the modulation is hetll'een correlated domaim. lnstead of using " sine

wave modulation with respect to the fundamentallattice, lI'e use a mode! of a st"ùn

modulation with respect to a single domain, and write the position of ll.tom j within

a domain as
2rrj"; =ajj = aIl + e· <'05(- + ,,;}]j,
N

(4.6)

The parameler, "'i, is the initial phase of the plane wave modulation with respect to

the domain boundaries. A coherent summation of scattering from an atomic ch"in

consisting of m such modulated domains with common l'hase shift h bclween ll.ny

adjacent d'Jmains can be written as

2du m-l N-I

- = C L L e:cpli'i"j' (j + kN) -1- ihk] ,
drl k=O ;=0

(4.7)

-,-

where q is the momentum transfer of x-rays and C is a proportionality constant.

The scattering factor of a single atom in this chain is assumed to he 1 and the

Debye-Waller factor is ignored. The scattering patterns with varying parameters

are illustrated in Figure 4.32. The parameter a used in the calculation of scattering

patterns is 5.7123Â, which is the in-plane avemged lattice constant of the thick

epilayer. The suhfigure (a) and (h) show the second arder and the fourtll order

scattering patterns of this atomic chain respedive!y, in which e = 0.0014, N =
2000, ai = 0.0, and m = 1. The two scattering patterns have approximatc1y the

same shape which is asymmetrically distributed around the unmodnlated peaks,

shown by the dashed curv~s in the figures (obtained by setting e = O). Th~se

peaks produced by the unmodulated lattice are also called the main peaks. The

width of the fourth arder scattering is twice as hroad as that of the second order

scattering which illustrates the nature of x-ray analysis of microstmin discussed in

last subsection. The distance hetween the first spil:e (or alternativc!y speckle) atthe

lower q side and the main peak is twice the distance bclween the main pea:. and the

last spike at the higher q side. This pattern shins and l'volves with the value of initial
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Figure 4.32: The scatlcring pnltt'rns of modululed ntomic cltnins. The dashed curves are the

scnttering of thl' funciumentul Intticc. The definitions of t.he parameters shawn in the figures are

described in the tcxt. F is the structure fnctor of this atom chain,
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phase Ct;. For example, when ai = 1.0lT, the distribution of smttering is llipped with

respect to the main peak, as shown in (c). The sharpnt'ss of the spikes is deterlllincd

by N, which represents the range of the c"hcrent sUllllllation. The spikes in (d) are

less sharp than thosein (a) becaust .ithe dill'erent value of N (N = 500 in (d) and N

= 2000 in (a) ). For the same order of scattering, the width of the scattering profile is

proportional to the magnitude of modulation e, as shown in (e), in which e = 0.0028.

In the case that the scattering of lllore than one modulated period, say fi modulated

periods as "hown in (f), are cvherently s':lllmed up, the scattering intensity becollles

much more symmetrically distributed with respecl lo the main peak. Although the

phase shift between the modulated periods changes the scattering pattern, it does

not change the envelope of the scaltering pattern and sUlllllling over many periods

incoherently, one should possibly expect to get a Oaussian eurve. In the special case

when the parameter e is zero, as shown in Figure 4.31 (f), the efrect of phase shift

between domains can be directly measured [128,129].

With this mode! of structural modulation, wc are now able to study the shape

of Bragg peaks caused by such a modulated structure. As we have seen from the

data, the in·plane peaks of the thkk epilayer are significantly different along the

two in·plane axes (110)r and (110)y. These peaks fit 'luite well to EWCL curves

aIong (110)y axis, but not along (110), axis. The surface of the thick epilayer is

aIso rougher along (110), axis (0', = 2711., O'y = 1811.). As you lIlay have noticed

that these two peaks, (220)r and (440), of the thick epilayer, look very like the

scattering patterns shown in Figure 4.32 (a) and (b) if the sharp spikes in the

theoreticai curves are smeared out by the dispersive efrect of the x-ray source and

incoherent summation of different domains. The constant C' used in Equation 4.7 can

be adjusted ta account for the scattering factor of atolllic sheets in the y·z plane

of the epilayer. Figure 4.33 shows that the two scattering patterns of the thick

epilayer along (110), fit qui te well to the modcl with parlLllleters: a = 5.712(4), e =
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Figure 4.33: The fil of lhe (220), and (440), peaks of lhe lhick epHayer 10 a slrain modulalion

wilh plane Wave. The dashed curves <cpresenls lhe (220), and (440), peaks of lhe fundamental

latlice, which are plolled by setling e = 0, and keeping olller paramelers unchanged. For bath

(220), and (4-10), peaks, lhe modulalion parumelers are: a = 5.712(1),e =0.00142(3),N =760,

Qi = 0.0, and lU = 1.
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0.00142(3), N = 760(8), Qi = 0.0, and 7Il = 1. The paramcter Cl agrees with the

lattice constant evaluated along (llO)y axis of the thick epilayer. The magnitude of

modulation e is comparable to the microstmin evaluated by the out-of-plane data.

The modulated range can be calculated by + X N which e<luals to 3100À. Thisv'
range of modulation is about twice big "" the average domain size estimated by the

out-of-plane measurement.

The uniaxial modulation within domains is nut shown by the shape of the

in-plane Bragg peaks of the thin epilayer, which have been smeared out to Gaussian

curves. These Bragg peaks have been characterized by the simple lineshapes in

last subsection. The thin epilayer is strongly strained and the value of macrostrain

is higher than that of microstrain (ref: Section 4.2.1). The presence of strong in

plane macrostrain in the thin epilayer implys the formation of correlation between

domains and may also reduce the magnitude of the displacive modulation. This

suggests the other extreme of modulation, as shown in Figure 4.32 (f), [84,128,1291,

i.e., the correlated domain modulation. Unfortunately, we are not able to extract

the information of correlated domains directly from the in-plane peaks ùf the thin

epilayer because they are basically Gaussian curves.

Previous structural work on heteroepitaxy has cuncentrated on the identifi

cation and characterization of misfit dislocations at the epitaxial interfaces (rcf:

Section 2.4). For Gal_.ln.As epilayers grown on GaAs substrates, 600 dislocations

with (111) slip planes are commonly observed [491 (rcf: Section 2.4). The (111)

plane is inclined to the (001) plane by tan-I( v'2) = .54.7" for an undistorted lattice.

In the case of inclined dornain walls, if there is a phase shift between domains in

plane, there should also be a phase shift between domains out-of-plane. The relation

between the in-plane phase shift and out-of-plane phase shift is determined by the

Burgers vector of dislocation and the distortion of lat tice. Focusing on the phase

shift between domains, the modulated structure of the thin epilayer can be studied



CIIAPTER 4. IŒSULTS AND DISCUSSION 131

or
·1
l

with the following mode!.

This ,nadcl is devcloped from the atom chain;hown 1!I Figure 4.31 (f) by

including a. three dimensiona.l phase shift between domains. It is assumed that all

doma.'ns have the same thickness, i.e., the thickness of the epilayer. The sizes of

domaio:s along :z: axis arc denoted as po, Pl, P2, ... pn and that along y axis arc all

the same. It is also lLssumed that the structure of the epilayer along the two in

plane axes :z: and y can be independently treated ta simplify the calculation. The

correlations betwe"n domains arc defined by integer multiplications of a unit vector

h = [h., h., h,]. If h equals zero, the correlated domains reduce ta a single crystal.

The dommn walls between the domains act as a diffraction grating with a large

length scale and its scattering convolutes with the diffraction of the underlying

lattice of atomic scale. This modcl can be furti,erly simplified by assuming that

all the atomic sheets arc identical in y-z plane, and their scattering arc defined as

f(r), which is equal ta 1 on the atomic sheets and 0 otherwise. It is also assumed

that the domain sizes are large eno~~h sa that finite size effects cause the intensity

ta change in transverse scans more rapidly, at constant perpendicular momentum

transfe~, than dther dynamical efTects or the angular dependence of the scattering

factors. Bec;l.I,se we are going ta study the transverse scans of the (004) peak of

the thin epilayer, the in-plane phase shift between domains has little effect on the

shape of this peak. For simplicity, we assume h. = 0 and hy = O. In the case

of inclined domain walls, the in-plane phase shift can be calculated from the out

of-plane phase shift if the angle of inclination of the domain wall is known. With

the approximations mentioned above, our problem is now reduced to the mode! of

diffraction from stepped surfaces which has been developed by Pukite, Lent and

Cohen [130,1311.

A summary of their calculation follows. Let the separation between any two

scatterers be denoted as (x, Iii,), where 1 is an integer. The probability of finding
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Figure 4.34: The corrdnted domnins with both in-plnnc nnd out·of·plnnc phnse shifts betwcen

domains.
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these two scattcrcrs at a givcn distancc is the sum of thc probabilities of ail possible

configurations of domains that scparate these two scattercrs. The probability of this

configuration can bc wri ttcn as

(4.8)

where the Pj(pj) with j = 1,2"," n - 1 arc the probabilities per unit length of

a domain size of Pj with out-of-plane phase shi ft jh,. The function Po(po) is the

probability per unit length that there is a scatterer at the origin that has a length Po

before the first domain wall. Thc function PI (Pu) is the probability per unit length

that there is a scatterer pu away from thc last domain wall. The middle n -1 Pj(Pj)

;:re identical and cqual to P(Pj) for the macroscopic lateral size of the epilayer.

Equation 4.8 implicitly assumes that the domain sizes are statistically independent

from one another. 1'0 find the pair correlation function, one must integrate over ail

possible configurations of domains. Thc out-of-planc phase shift distribution H(/)

and the domain sizc distribution P(p) should be normalized according to:

00

1 = L H(l),
1=-00

1 = i~o P(p)dp. (4.9)

The scattering intcnsity of this model in x-z plane has becn derived by Pukite et al.

and can be eventually writtcn as 1131,132)

dO" = ~Re {[1 - P(q,)][l - f/(q,))} ,
drl (p)q; 1 - P(q,)H(q,)

(4.10)

where Re indicates the real part and (p) is the average domain size. P(q,) denotes

the Fourier transform of the domain size distribution function P(:l:), and H(q,)

denotes the Fourier transform of the out-of-plane phase shift distribution function

H(/). One uscful class of distributions of domain sizes can be described by gamma

distributions, and are givcn by

(4.11)
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where M is the disorder parameter, a = <~>, and 1'(M) is the gamma function.

For M = l, the gamma distribution is the exponential or geometric distribution

of domain size. As M becomes large the gamma distribution approaches Il. normal

distribution and in the extreme limit becomes a delta function centered at x = (x).

For these functions the shape of Bragg peaks will vary between the l'xtremes of M =

1 and M = 00. Similar to the length distribution function which has been applied

to the stepped surfaces [131,132], we assume that the domain size distribution is a

tinear combination of the first and the second order of [' distributions, i.e.,

P(x) = AP1(x,a) +(1- A)P2(x,p), (4.12)

where a, 13 and A are adjustable pammeters to define this distribution. Consistent

with our expectations of possible out of plane phase shifts wc assume the out-of·

piane displacements of adjacent domains only have two choices, ft, or -ft,. Then

H(q.} can be written as

N(q.) = Be- i /•• '1' + (1 - B)ei/···", (4.1:l)

.~_•.

where B denotes the relative probability of each type. ECIllldion 4.10 with Equa

tions 4.12 and 4.13 can be used to fit the transverse scall of the (OO'I) peak of the

thin epilayer along (!la), axis. Wc have used the same model to fit the transverse

scan of the (004) peak of the thin epilayer along (110)" axis, by sim pl)" substituting

x by y in ali equations. The in-plane scattering of the (004) peak of the thin epilaycr

is proportional to the product of the scattering cross sections calculated by the one

dimensional mode1, as indicated by Equatioll 4.10, along (110), and (!la)" axes

respectiveiy.

The fit of the (004) peak of the thin epilayer to the 1II0de! lllcntioncd above is

shown in Figure 4.35. The value of Ci., the out·of·plane x-ray momcntum transfer, is

4.3305Â-1 as experimental measured. For both transverse SCllllS a\ong q[1101x and

q[!lO]y, the domain size distributions are fit by the sallie parallleters, ex = 0.0027(3},
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Figure 4.35: The interference of dOlllains of the thin epilayer as seen at the (004) epi-peak. (a)

The data and fitting curve of (004) cpi-pcak in z-z plane with h, =1.088 and B = 0.9. (c) the

suggested dOl1lnin correlation in x-z plune. (b) The data and fitting curve of (004) epi-peak in y-z

plane with h, = 1.087Ànnd B = 0.59. (d) the suggested dOl1lnin correlation in y-z plane.
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(3 = 0.022(2) and A = 0.204(1). The out-of-plane displaccment distribution for both

curves are fit by iL, = 1.087(3)Â, but with B = 0.90(5) for the scan along (110). axis

shown in (a), and B = 0.59(2) for the scan along (110)" axis shown in (b). The nearly

unity value of the parameter B suggests the nearly monotonie phase shift up between

adjacent domains along the (HO). direction, as shawn in Figure 4.35 (c). Ali the

domain walls are nearly of the same type. The value of the parameter B being nearly

one hall' in the other direction suggests the nearly e'lual probability of phase shifts

up and phase shifts down between adjacent domains, as shawn in Figure 4.35 (d).

The neighbouring domain walls are nearly of opposite sign. This type of asymmetry

has been previously suggested by the data of Abrahams et al. and I<avanagh et al.

[105,49] (rel': Section 2.4). Abrahams et al. observed that the spatial arrangement

of the two fiets of orthogonal 60° dislocations tended ta he uniformly distributed

only along one (110) direction, while in the other (11O) direction there was a mllfked

tendency for periodic banding of the dislocations. I<avanagh et al. observed that the

60° ct dislocations formed first in one (110) direction at the interface ofthin epilayers.

We guess that the 60° dislocations of like sign may he more easily genernted at the

interface than that of opposite sign, or that the dislocations of o,'l'0site sign mny

be overlooked under plain-view of TEM.

The domain size distributions of the thin el'ilayer arc the same along both

axes and illustrated by Figure 4.36. The average domain size is eva!uated ta be

460A and the preferred domain size is evaluated to be 190À. These domain sizes

are much smaller than that evaluated in conventional characterization (rel': Sec

tion 4.3.1), but the domains in this model arc correlated. The magnitude of the

out-of-plane phase shift between adjacent domains is estimated by 271'1!... = 0.3771'.
a,

The disagreement on domain size evaluation between the conventiona! charaeler

ization and shape analysis suggests a limitation of Equation 4.5, which has bccn

derived based on the approximation that ail domains are randomly distributed in
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Figure 4.36: Domuin size distribution of the thin epiluyer. The solid line the domain size

distribution fundon P(x) as inùicated by Equation 4.13. The dolled line is the first order gamma

distribution, Pl (x,,,), und the dushed line is the second order gamma distribution, P,(x, ,el. The
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preferred demain size 190Â, und an nVl'ruge domain size 460A.
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orientations [21,231.

In this subsection, we have investigated the modulated structures of the epi.

layers by studying the shape of Bragg l'cab. Wc have fit the in-plane peaks of the

thick epilayer along the (110), axis by using the 1Il0dcl of strain 1Il0duiation within

domains. We have also fit the transverse scans of the out·of·plane peak of the thin

epilayer by using the model of correlated domain modulation. These two modcls can

be considered as the two extremes of 1Il0dulated structures. Wc have extracted sollle

information from these models, for example, the magnitude and range of modulatcd

strains in the thick epilayer, the phase shift between adjacent domains in the thin

epilayer. We may also have noticed that the modulation is b1lsically unil~xial for

both samples but different near the interface from near the surface.

4.3.3 Asymmetry

Our data suggest a transition region of modulated structures iJctween the substrlLte

and the surface of the epilayer in hcteroepitaxy. This transition region may be

asymmetric. The asymmetric properties of GO· dislocations appearing at the epi·

taxial interface of lII·V compounds bve been previously discussed by Abmhams

et al. in terms of the chemicalnon·equivalence of a and (:1 types of dislocations [1051

(ref: Section 2.4). Here, mainly for IL pedagogical point of view, ('d like to mimic the

process of layer by layer growth and to show you how the aSYlnlllctri<:ally distribnted

chemical bonds may resnlt in asymmetric structure.

Figure 4.37 (a) shows a model of Ill· V cOlllpound, the atoms and the chemical

bonds. Five (001) layers of atoms arc shown in this figure. The dark circ1es represent

the V atoms, and the grey circ1es represent the III atoms. The layers of III atollls

and V atoms arc alternately arranged along the (001) direction. The tetrahedml

bonds of each atOIn arc also c1early shown in this figure. For IL III atom, the two

bonds below the layer of III atoms lie in one plane which contains the (DOl) axis
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(

and one of the (110) axe., while the two Lands aLove the layer lie in an orthogonal

plane which contains the (001) axis and the other (110) axis. The crystallographic

properties of this compound can Le found in literatures [105,85].

With this structure for the III·V compounds, we can discuss the effect of the

chemical bonding which may Le responsible for the asymmetric structure of the

Gal_.In.As epilayers grown on the GaAs (001) substrates. Figure 4.37 (b) shows

the first layer of As atoms grown on the GaAs (001) substrate (the substrate is not

shown). In principle, this layer of growth i. homoepitaxia1. The second atomic layer

(i.e., the first complete layer of Gal_.lnz ) along with the firstlayer of As atoms and

their chemical bonds are shown in Figure 1.37 (c). The projections of the chemical

bonds on the (001) plane is along one direction. This clirection may be defined as

(110) axis. If the indium composition x is not zero, this layer of Gal_.ln. atoms is

incolllmensurate with the substrate and will be modulated due to the competition

between the interfacial energy and the elastic strain energy (ref: Section 2.1). This

modulation is asymmetric because the chemical bonding is asymmetric (except the

case of pseudomorphism). The interfacial energy should have different effects along

the (110) axis than along the orthogonal one, say (liO) axis (ref: Equation 2.3). The

second layer of As atoms is now grown, as shown in Figure 4.37 (d). The previous

asynunetry may be recovered or partial1y recovered Ly the newly grown layer of As

atoms, because they bond the Gal_.In.As atoms in the orthogonal direction, i.e.,

(lio) axis. The layers of Gal_.ln. atoms and As atoms are alternately added, as

shown in Figure 4.37 (e) and (f), and chemical bonds are alternately added and

projected along the (110). and (110). axes. The incommensurate modulation is

different along the (110). direction from the (110). direction due to the strength of

bonding, and it alIects the structure and relaxation of the epilayer. If the growth

proceeds by adding two atomie layer., i.e., one layer of Gal_.In.As , each time, the

chemieal bonds at the growth front are always along one of the (110) axes. The
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asymmetric properties are intrinsic to heteroepitaxy of Gat_.ln.As on GaAs (001)

substrates.

Based on the above picture, we may think about the possibility of uniquely

defining the (110) axis of III-V epitaxial interfaces. This will be very helpful for

us to study the microstructure of the transition region in detai!. Il seerns that

the (110). axis for both the thin and the thick samples can be considered as the

(110) axis in terlns of their modulated structures. Even though the modulated

structures in the thin epilayer and the thick epilayer may be quite difi'erent, as

wc have studied in last subsection, they renect some aspects of the feature of the

competeting interaction at the epitaxial interface. In principle, if the bonding is

strong along certain axis, say (110) axis, the interfacial energy has more chance ta

win, and the substrate will have more efI'ect On the structure of the epilayer along

this axis. But We still can not weeded out the alternate interpretation of our data

by rotating one of the samples by 90°. For example, we still do not l'ully understand

the nature of the misalignment of the in-plane (220)" and (440)" peaks of the thin

epilayer with that of the substrate. Wc also not really have a good explanation for

the misalignment of the (00'1) and (002) peaks of the thick epilayer with that of the

substrate, except interpreting it as a lIl: of the crytalline plane. The structure of

epilayers is complicated. lt changes l'rom the interface ta the surface of the epilayer

along the direction of growth. Il also changes along difl'erent in-plane axis. We

need ta study more samples and more systems ta obtain a b~lter understanding of

heteroepitaxy. The scallering l'alterns are complicated. We need ta develop more

sophisticated modds ta make a full use of our data.
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Chapter 5

Conclusions

This thesis has presented the teehni<jues and results of our high resolution x·my

structural studies of heteroepitaxy. The specifie Systl'UI wc have investigated is

Gal_.b.As grown on GaAs (001) substnttes by MOC:VD. The apparatus wc hav.,

used is a triple-axis four-cirde difIractometer with a conventional 2.2 kW Cu.target

x-ray tube source and Ge (Hl) resolution.

It may have been thought that het'~ro"pitaxy could be considered as a sim

ple system because it is merely a cOlllbination of two erystals. Much research Illls

been previously carried out to identify and charaderize the lattice distortions and

dislocations caused by the substrate crystal on the epitaxial crystal. This has indi·

cated that heteroepitaxy should be considered as a cOlllplex systelll resulting l'rom

competeting interactions and kinetic efrects during growth. Systellls with COIII

peteting interactions have been extensivc!y studied for the !ast decade in tenns of

commcnsurate-incommensu:at~phase transitions. Heleroepilaxy can be considered

as a cross-over of the twv extremes with both three dilllensional and two dimensional

structural features presented on variuus length scales. X-mys have been cc!ebrated

as powerful probes for both three and two dilllensional structures and provide an

ideal tool for studying heteroepitaxy.

142
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Recent measurelllents have shawn that it is possible ta study the structure

of a single atomic layer with x·rays using synchrotrons [31,28,33]. Although this

would be impossible with conventional sources, conventional sources are suitable

for studies of heteroepitaxy. This is because although the in-plane structure of the

epilayer evolves along the direction of growth, wc need not study the structural

evolution layer by layer, but region by region. A region usually consists of many

atomic layers of the same in-plane structural features, and these produce signais

much stronger than that of one or two atomic layers.

Often high resolution work has tried to isolate the Ka! li ne with slits and

this considerably reduces the intensity of the incident beam. X-rays of different

wavelengths do not interfere with each other, and produce their oWn scattering

patterns from the s _mple. These sc<ütering patterns are essentially the same in shape

and only differ in intensities and positions which are determined by the incident

beam profile of the x-rays and the configuration of the experimental set-up. We have

I:sed the whole beam profile monochromated by Ge (111) reflections to increase the

incident beam intensity. This beam profile consists of thr~e Lorentzians of Ka!> K a2

and Ka3 Hnes. The momentum transfer of x-rays is defined in term of wavelength

of ](al line, and scattering patterns of ](u2 and ](a3 Hnes are fit in the same way as

that of ](a! Hne by accounting for the intensity ratios and position displacements

in q-space. In addition, the techniques to measure the surface miscut of samples

by combining the normal Bragg scattering and specular refiection, and to handle

the footprint correction under glandng incidence scattering in data treatment have

proved to be very useful. Since our work is based on a conventional x-ray source,

the techniques we have practised and developed can be used in any laboratory to

characterize and study growth process and sample quality.

Our studies have concentrated on two samples: a 500Â Gao.8IInO.19As epi

layer and a 40000A Gao.8,Ino 1GAs epilayer, bath grown on GaAs (001) substrates
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by MOCVD. According ta Vegard's law, these two l'pilayers are lattiee·mismatched

ta the GaAs substrates by 1.36% and 1.14% respcdivdy. The miscuts on the sub·

strate surfaces are 20 for the thin epilayer, anu 0.20 for the thick epilayer, which

have been accurately measureu in our experiment. The ln composition in the thick

epilayer is evaluated ta be 15.8% by averaging the Illt'asured lattice parameters,

which agrees with the value eva\uated by Prof. A. !loth, who prepared the samples.

The eiectron density aï the thin epilayer is evaluateu ta bl' l.1 % higher than that

of Gao.BllnO.19As by the refieetivity measurement, which agrees with the evaluation

of average unit cell volume change resulted from strains. Our in· plane data show

that the thin epilayer has been strongly strained to match the substrate but retains

a 0.18% incommensurability near the interface up ta 400A and is partially rcllLxeu

ta 0.45% near the surface. The out.of·pilLne lattice ,',xpansion of the thin epilayer

is measured to be 1.28%. Accoruing to the direetly Ineasureu values of the in·plane

strain and out·of·plane strain of the thin epilayer (taking the Vegard's value lLS a

reference), the Poisson's ratio is evaluated to be O.:lG near the epitaxial interface.

This value is about 12% larger than that conventionally uSl'd. We linu that the ,hick

epilayer can be separated into two regions (bottom anu top) according ta in-plane

microstrains. The bottom region is about l:loooA thick near the epitaxial interface,

and the in-plane microstrain is 0.15%. The in· plane miaostrain of the top region is

0.10%. Our data suggest a transition region between the substrate and the surface of

the epilayer. This region acconlInodates the structural relaxation in heteroepitaxy

in terms of both macrostrain and microstrain evolution.

We have gained some insight into the microstructure of the transition region by

studying the shape of the Bragg peaks. We have fit the transverse scans of the (004)

peak of the thin epilayer along both (IIO)~ and (110)" axes to a Inodel of correlated

domain modulation. Based on this moud, the average uOlllain size is evaluated to

be 460Â, and the preferred domain size is evaluated to 1", 190À. The domain size
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distributions are same, but the domain shapes may be different along the two in-

plane directions. The probabilities of phase shift up out-of-plane between adjacent

domains arc 0.9 along the (110)z direction and 0.59 along the (110). direction. These

out-of-plane phase shifts can be understood as a result of inclined domain walls

and imply GOa partial dislocations as frequently observed in thin strained epilayers.

The like sign dOIll",in walls along (110)z direction trend to be uniformly distributed

and produce a bdter dislocation grating. The opposite sign domain walls along

(110). direction have more chance to react and generate new domain walls and

relax the lattice. We lind that the domain sizes of the thick epilayer keep unchanged

from the bottom region to the top region where the in-plane microstrain changes

dramatically. This implys that the domain walls of the thick epHayer, at least in the

top region, arc perpendicular to the epitaxial interface. The full edge dislocations

can be generated by interacting opposite GOa partial dislocations and are frequently

ohserved in thick epilayers [53,50]. This mechanism of dislocation generation gives

a natural way to explain the asymmetries in both the thin and thick films and also

explains how one evolves into the other unde; growth.

Our data suggests a complicated transition region exists in the epilayer and it

extends to the surface of the even the four Il'icron saml'le. It would seem that the

conventional cone"pt of a critic""l thickness, which is primarily based on theoretical

models of epitaxy, leads to a too simplilied view of the structural relaxation of a

strained epHayer. To be fair, most models predicting critical thicknesses are based on

thermodynamic equilibrium models. It is highly possible that the growth prccesses

used to make the samples have resulted in non-equilibrium structures. In any extent

more work remains to he done both from a theory and from an experimental point

of view.

In this thesis, we have presented the techniques and results of our x-ray struc

tural studies of heterocpitaxy. Wc proved the power of x-ray scattering and gained
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sorne insight into the fundamental issue. In order to fully undersland heteroepitn.xy,

we need to study more samples and mOr<' systems. Wc also n,,<-d to improve the

rnodels to rnake a complete use of our st'attering l'atlt'rns.
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