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CHAPTER T

THERMODYNAMLC MODELS

Introducticn and historical survey

Thin films arc of intesest rom many different points of view. For a loag time they

have been technologically impoctant in optical coatings, corrosion protection and

semiconducior devices. Many of these applications iavolve increasingly complex and

sophisticated growth processes (¢ produce devices such as ‘heterojunction Lascrs’ or

‘multiple quanium well structures”. Thin films are ako important within physical science

itscll in eaploring differences between three-dimensional and (quasi-)iwo-dimensional e
states of matier: the decrease in conductivily of thin metal films, the vasiation in

thermodynamic propertics, or chemical reactivity, as a function of film thickness are

cxamples. Oficn thin films are important in arrngements for cxperiments on other

topics, such as absorbing x-rays or polansing eutrons. )

Man mads synthati¢ structures invoiving spitaxiaily grown thin films of ocne ar more

compound samiconductors have bean finding an increasingly important role in
semiconductor device tnchnologv.' flemarkable advances have been made over the pa'st
decade in the realization of a \mio-w of such structures involving U-V. II-Vl and =i

compound SemMiCONduUCtors, as weil as combinations of semiconduciors with dislectrics

and matais.’

r Because of the necessity of using single ¢rystal material for the operation of
semiconductor devices the idea of producing single crystal thin films is of vbvious
interest in the field of solid state electronics, and it was the advent of solid state
active devices which changed the study of the growzh of oriented thin films from an
academic pursuit to one of considerable technological importance. Unul 1960
single crystal material (mainly Ge and Si) for trunsistor fabrication was produced by

' growth from the melt and doping impurities were introduced by alloy processes,

The major part of this progress has coms about primarily due to the advent
ot and refinements in, two vapour phase growth techniques - Moiscular Beam Epitaxy
{MBE)? and Metai~Organic Chemical Vapour Dspaosition (MOCVDI.’ The underlying
motivation has been the remarkably IRII’.Id and pouhtiallv useful slectronic and aptical
properties of alsctrons, holes and light arising from their confinement in 4 quasi-two
dimensional environmant in the ultrathin films (thickness Inss. than the particle deBroglie
wavalcngth).‘ However confinemant of the particles in such uitra thin layers (typically
10-200°A) places stringent requirements on the atomic level structural and _chemical
perfection of the films and their interfaces lm;olvod. At the same time, 8patial control of
the 'lbruptmss {(in the growth diraction) and unitormity {in the planes normat to the
growth direction) of dopant distribution becomes squally significant 'ln reslizing thae
potential slectrical and optical properties of carriers and light in such structures. Bath
MBE and MOCVD havs been shown to mast thass stringent rsquirements for the growth

of li-V compound semiconductors although differencas batweaen materisis and structures

produced by thase techniques aisa remain. |



MBE is an ultra-high vacuum (UHV}
vagour phase deposition technigque which, as practiced hitherto for growth of IH-V
semiconductors, involvas the group Il vapour in stomic form while the group V vapour is
either in diatomic or tetrstornic molecufar form. It thus offers an ideal tust system for
the historical notions of crystal growth and the madels and theories advanced.'® In this
context it is important to rucognlzl_ that the genesis of the atomistic notions and theories
of crystal grawth from the vapour phase lies predominantly in models representing

growth of elemental solids from atomic vapour. Consequently, it is primarily the retative

role of the kinetic processes of surface migration and avaporation which has baen at the
heart of such models, as well as the concepts, terminology and machanisms of growth
arising from them. By contrast. a majority of crystal growth from the vapour phase,
particularly of compounds, lﬁvolv-s at least one species In molecular form. This feature
introduces surface chemical reactions involving dissocistion of the molecule as an
integral kinatic step in the growth process. MBE of IN-V semiconductors thus represent
an idesl test system for the larger category of vapour phase growth sinca i embodies the

essential physics and chemistry of crystal growth involving surface migration, svaporation

and dissociative molecular reactions..
1 _

The technique of producing thin films by means of a chemical reaction at a
heated substrate surface has become of great importance in semiconductar tech-
nology. The majoc reasons for this may be summarized as fotlows:

(i) Growth can be obtained at temperatures much lower than the melting
point, so that problems of extraneous contamination are lessencd and
impurity diffusion rates within the growing film mininnzed.

(i1} Escetlent conirol of layer thickncss can be achieved.

(1it} Doping clemcnts can be added in a preciscly controlied manner over a very

wide concentration range (10"'-10* atoms em~3). ‘

(iv) Material of high crystallographic perfection can be grown simply without

the use of Unrv techmyues., |
basic criteria must be met: reactive species must be transported at appropriate i
partial pressures to the subsirate surface, which must be heated to a suthicient |
temperature to initiate 2 heterogencous reaction. One product of this reaction must
be the material of the film, and any other products must be sufficiently volatile to
be removed in the gas stream.

{L

CRYS TAL GROWTH MobdEg

In this introduction the three modes of crystal grawth which are thought to occu
y !
on surfaces in the absence of surface defects and imerdiffusion are dcscn'gell.:) i

It is generally accepted that there are three possible modes-of crysial gmwl.h on
surfaces. which are illustrated schematically in Agure 1, following Bauer (1958). In

the island, or Volmer—-Weber mode (figure 1{a)). smail clusters are nucleated directly
on the substrate surface and then grow intc islands of the cond d phase. This
happens when the atoms (or molecules) of the deposit are more strongly bound to
each other than_lo ) ¢. This made is displayed by many systems of metals
growing on insulators, including many tnetals on alkali balides, graphitc and other
layer compounds such as mica. :

The layer, or Frank-van der Merwe mode (figure 1{c)), displays the opposite
characteristics. Because the atoms are more strongly bound to the substrate than to
cach other, the first atoms to condense form a compicte monolayer on the surface,
which becomies covered with a somewhat less tightly bound second layer. Providing
the decrease in binding is monatonic, toward the value for a bulk crystai of the deposit,
the layer growth mode is obtained. This growth mode is observed in the case of
adsarbed gases, such as several rare gases on graphite and on several metals, in some
metal-metal systems, and in semiconductor growth on sericonductors.
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: Figee b Schematic representation of the et crystal prowth modes: () slend or Volmer-Weber, (4)

tayer plws iztand os Stranski-Krastanov, (¢} layes or Frank—via der Merwe mode. § teprescats the coverngs
m monolayers (ML),

The layer plus island, or Stranski-Krastanov, growth mode (figure 1(h)) is an
imeresting intermediate case. Alter forming the first monolayer fan), or a few ML,
subscquent layer growth is unfavourable and islands are formed on top of this “umer-
mediate’ layer. There are many postible zeasons for this mode to occur, and almost
any factor which disturbs the monatonic decreasc in binding energy, characteristic of
layer growth, may be the cause. For example, the lattice parameter of, or symmetry
of, or molecular orientation in, the intermediate tayer may not be able to be continued
into the bulk crystal of the deposit. This Tesults in a high frec energy of the deposit-
intermediate-layer interface which favours subsequent island formation. \As will be
seen later, this growth mode is much more commos than was thought just a few years
ago. There are now many examples of its occurrence in metal-metal, metai-semicon-
ductor, gas-metal and gas-layer compound systems. T :

These three diflerent growth modes have their thermodynamic counterparts in
three different lorms of adsorptiot: isotherms illustrated in figure 2, following Dash
(1977) and Kem o af (1979). In Bland growth {figure 2(a)), the concentration of
adsorbed atoms is often very low, due to last re-evaporation [rom the weakly binding
substrate, and a large positive chemical potential change {(Au), of supersaturation, 5,
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shawed an apparent three dimensional nucleation process to be

involvied with subsequent formation of continuous, but stepped, layers by

coalescence and lateral expansion. 1t was postulated thae most of the surfuce

oe . topographic c!fcct; observed could be asspc‘iatgq‘y)m_.surfm_:c_ IMmpurijis,. Most ___
Fieore 2. Advorpon sotherms cor a 1o i“u‘ L oaw he b . b of the probably oxygen. o _The authars interpreted these _rcsglts
growing dcpost rlative: 10 the bulk matenal aad § the coverage - i la {8) w0 suable intcrmediale in terms of the relative rates of accum_ulanon and deplenop of surface zentamination
Layens are sbcated. ' i during dJeposition. The accumulation arises froem residual gas—substrate inter-
actions and oxide contamination can be removed as volaule Si0O by rcaction with
is needed 10 nucieate the depasit. The first two-dimensional {zn) layers in layer growth, %m_pinging silicon atoms. For slr_nw.deposition contan_iinalion a(_:c_umull:es faslfr than
however, can exist in equilibrium with the diluie three-dimensional phase st necgative it is removed so lntc_ral growth is impeded, but at high depasition rates the inverse
Ap (undersaturation}, as illusurated in figure 2(c). Herc we arc primarily concemed o is true; coalescence is-not impeded and growth is essentially two dimensional.

with growth lrom the vapour, snd .dm‘;:;mo::‘mh:hr:l: .[snl:ll:.l:;:::s;:l(s::s':;t::r “ril::obnbly the most surpri'Siug feature of l:hf: carly work discusscd above was the
y af growth morphologics observed by different authors, These morphologies

example, in rarc-gas adsorption {e.g. K¢,
case, the adsorption isotherm is as illustrated in figure 20b), _
cul at some finite thickness, or coverage & Beyond this coverage, island growth is

where the 34 =0 line is includ_ud appareat twe dimensional growth, discrete three dimensional crysiallo-
graphically shaped growth centres and irregular three dimensional contres.

favoured Wiywuz. e = T
The nucleation processes which accur in the deposition of epitaxial mezal films Because of li_u: limirations im“oscd by conventional Aaw technigues on the
on a variety of substrates have been extensively studied (see for example reviews study of quclcntnon and gmwlh. kineties in chemical deposition systems already
by Pashiey 1965 and Chopra 1969}, but with semicorductor flms they have .|iscus§cd in §3.1, jnycc and his _co—workcrs used a molceular beamn system to
received comparatively litthe attention. The reason is simply associated with the investigate the nucleation of autaepitaxial silicon | @n_:s_ produced by the pyrolysis of
type of deposition system used. For metals, using vacuum cvaporationfcondensa- silane. The experimental Syilem"::nmpriscd thece St];.'l—r:lt:l;——
.ion, a high degree of contral of the extent and rate of deposition is available over pumped chambers with the silanz beam first being formed from 3 Knudsen source
s is not the case for chemical and subsequently collimated so that it impinged an the resistively heated silicnn'

any time scale, including the earliest growth stages, Th .
substrate in the target chamber. The base pressure in this chamber was around

which is widely/used for the preparation of semiconductor films.

vapour deposiion,

The use of chemical vapour depasition in a conventional flow reactar of the type 10-"* Tarr, so that it was possible to work with substrates whose surfaces could be
Jescribed imposes a number of serious constrainis on nacleation expenments, maintained essentially clean on an atomic scale for reasonable periods. [f necessar
and such systems cannot be used o obtain quantitative uuclegtion data. These the beam could be modulated and desorbed molecules synchronously detected wilyh'
constraints may be summarized as follows: 1 1Mass spectromercs.

{i) The length of time taken to reach steady state in the reactor is frequently By using a molecular beamn the Aow system limitations were clearly removed
longer than the period over which nucleation can be observed at realistic depasition Thus (1) the beam could be stopped and started with 3 very short time COHSHH;
rates. The time interval 10 sieady state is 2 consequence of the comparatvely low using a simple shutter arrangement, (i) there was no possibility of a homogeneous
gas velacities used. component or ditfusion control of the deposition reaction and (iii) the energy of

(ii), The rate-limiting step in the deposition process is often the diffusion of molecules reaching the substrate followed the usual shifted Boitzmann distribfn{ion
reactants to the substrate surface, so the arrival rate of reacting species cannot be from 3 Knudsen source.
controlled. Wich this system nucleation kinetic parameters were measured quantitatively in

{iii) There is the possibility of a homogencous component of the deposition terms of the number densicy of nuclei, but as already shown these nuclei are onl
reaction occurring in the hot gases surrounding the substrate. obscrved in the presence of surface carbon impurity. The results obtined ar)e'

(iv) The energy distribution of molccules impinging on the substrate is entirely ' summarized belaw.
random and uncontrolled. i It was found that sher. completion of the induction period discussed in §3.2
The early work in which attempts were made to study nucleation in chemical ! the number density of growth centres, Ny, very rapidly reached a saturation val;lel
and then stayed constant with time until coalescence commenced.

vapour depusition systems was therefore enticely qualicative. Seudies)
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- Figure 5. The essential features of a flow ceactar systern for chemical vapour deposition of thin
films of semiconductors.
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Afomistic processes on surfaces

The individual atomic processes responsible for adsorption and_ crystal growth on
surfaces are illustrated in figure 3. For vapour deposition Irom an lclllcial gas al pressure
. the rate of arrival R at the substrate is given by p {2wmkT) where-m -is the
molecular weight, k is Boltzmann's constant and T is the source temperature; alterna-~
tively, the rate R {m~?s™') may be assured by a molecular beam or evaporation source,
or by arrival of ions from solution. This creates single atoms on the sulmm_e {number
density n,(1)) on a substrate with N, sites per unit arca, so that the single-atom
concentration is {m,/N,). These single aloms may then diﬂ_use over the surfac:_ until
they are lost by one of several processes. These processes mc_'lu'de re-evaporation or
re-solution, nucleation of 2p or JD clusters, caplure by existing clusters, possibly
dissolution into the subsirate. and capture at special (defect) sites such as steps. On
an ideally flat, 'inert’ substrate, these last two processes would be excluded, though
they may olten be present in practice. } o .

Euch of these processes will be governed by characteristic fimes, which themselves
will depend on the single-atom concentration and/or coverage. If such processes arc

Seeciel st S foce Bnding, Interdttugsen
- iuson fuct ot N
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thermally activated, then these times will in turn be controlied by activation energies
and frequency factors, For exaople, re-evaporation at kow coverage witiid be charac-
terised by a lime, 1, which could be written as »' exp (BE,) with = (kT)™', T,
being the substrate temperature and » a characteristic surface vibration frequency.
Some of the important energies arc indicated in figure 3. In addition 10 re-evaporation,
there are diffusion energies { E.), binding encrgics of small clusters of size j(E,). up
10 the so-called “critical’ nucleus of size i{ E,). When large clusters can decay as well
as grow, as is the case close 10 equilibrium adsorption conditions, then the corresponding
[rec energies of evaporation (latent heats) in 20 (onto the substrate) and 10 (into the
vapout) can also be important. :

5o far, figurc 3 has indicated that we are concerned with two independent experi-
mental variables (R, T.} which together form the main way 1hat Ag can be influenced
for a given system. But we aiso need three essentially independent types of material
parameters (£, E,, E,) 1o describe the behaviour of the early stages of nucieation and
Zrowth, even on » perfect substrate.

Real surfaces, however, may be far [rom perfect, containing a distribution of ledges,
kinks, dislocations and poini defects, in addition 1o the perfect terraces. These imperfec-

" tions can influence the binding of single stoms and small clusters to the substrate and
via such binding changes can strongly influence adsorption. diffusion and nucleation
behaviour. This is especially so if there is 2 high nucleation barrier (i.e. » small
concentration of critical nuciei} on a perfect termace. Then the barrier will often be

* by-passed on a real surface by the agency of special sites, shawn schematically in
figure 3 by a ledpe. -

Perhaps the most well-known examples are the growth on lerraces at low supersatu-
ration using dislocations, as discussed originally by Burton er af (1951), and the
observation of the resulting spiral terraces on alkali halides by decorating the ledges
with small gold islands { Bassett 1958, Bethge 1962, 1969, 1982). These iwo examples
{cf figure 22) show the very characieristic behaviour of layer growth syslems in using
screw dislocations to propagate a continuous Tedge and thereby avoid a nucleation
barrier, and of island growth systems to use such a ledge (o promote the nucleation
rate by lowering the barrier dramatically.

|~

The final ser of processes illustrated schematically in figure 3 are Te-srrangement
processes. The chusters which initiaily form, at defect sites ur on the periect ierrace,
arc nol necessanly in their most stable form and can te-arrange in many different
ways. Such processes can include mixing of specics {alloying), shape changes caused
by (surface) diffusion and/or coalescence, anaealing of defects, etc. Diffusion processes
thus occur at several stages of thin film formation: 1he_motion ol_single_atoms_in

lorming small clusters, the mobility of these clusters themselves and the re-arrangement
of larger clusiers (islands) alter coalescence,

S
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Thermodynamic and Kinetic Rate Equation Based Descriptions:

Aftar the intial successas in understanding the equilibrium thermadynamic behaviour
of gases in terms of the kinetic m_aﬂrv of gases, ons of the earliest challenges faced
related to seeking an understanding of the phenomaena of condensation of a vapour into
liquid drapiets. Gibbs, in 1878, provided? the first succingt thermodynamic description of
the process, introducing the nation of spontanecus thermodynamic fluctuations in the
local density of a supersaturated vapour giving rise to the formation of “nuclei® of the
liqguvd phase which, if excesding a critical size, would lead to “growth” of the liquid phase.
The mechanism was termed homogenous aucleation and growth (N&G) macnanism, and a
thormodvnarﬁic barrier (i.a. activation energy), determined by the ralativa balance of the
voiume and surface free energies of the condensing phase, was shown to exist for the
tarmation gt the critical nuciei. Gibbs 'llso recognized that the growth of a crystal was
different from condensation of & vapour in &t least one Important aspect - the periodicity
of the crystai sgructuu. He noted that since the additlon of atoms to a growing crystal
has to occur at 'I site lﬁ the crystal, the configuration of atoms in the 'n;lclai' presented

by the crystal surface 1o the vapour varies periodically in time as each crystal plane is

completed. Thus while the free energy of the assembly ot atoms in a liquid droplet is a'

continuous function of the size of the droplet, it is 8 discontinuous function of the size of

a perfect crystal.

11.@

Subisequent developments of Gibbs' notion of nucleation, employing thermodynamic

descriptions, are largely due to Volmer and weber.3* and Becker and Doring’s. Valmer

and Weber gave a thermodynamic description of condansation of a supersaturated vapour
into liquid droplets assuming that the distribution of nuclei of siza n < n_ where n is the

number of atoms in the nucieus and n. is the critical size, is the same as the equilibrium

distribution it .tha vapour and liquid phase were in fact stable. To then aliow for growth

Madhukar & Ghaisas

inlmation via the nucleation process, such a distribution ot the nuclai is maintained by
requinng that each nucleus reaching the size (nc*‘l) ba removed from the distribution of
nuciei and (n_+1) atoms be added to the vapour phase. Such a distribution, obviousty ot

dubious physical maaning, has often been referred o 35 a quasi-steady state distnbution.

The rate at which critical nuciei are formed - cailed the nuciestion rate - is then given by

the product of the numbaer of critical nuclei in this quasi-steady state distribution and the
probability per unit time for an atom from the vapour 1o artach itseif to one of the critic_al
auctei. It is self-evidant that such a nucleation rate is of some value oniy under
conditions for which little or no transformation from ons phase to ancther has occurrad.
Tha nucleation rate. from which can be detsrmined the growth rate of the new phase, is.
howaver, extremaly sansitve 10 the degrea of supersaturation. It is very low until a
critical supersaturation is reached, whance it increases rapidly to large values. The

¢ritical supersaturation corresponds ta the breakdown of the assumption of a quasi-

steady state distribution of nuclei.

Becker and D&ring improved® on the Volmer-Waeber® theory by sxplicitly

recognizing that @ nuclei reaching the critical size n_ has squal probability of either

growing or shrinking and nuciil of size n > (ncﬂ] alsc hava a finite probability ot

shrinking although they have a higher probability of growing on the average. Thay thus
formulated an improved description of the problem, sven though tha solution obtained is

not sufficiently accurate. Perhaps more pertinent to the subject of this review, whila the

Volmer-Weber theory applies specifically only to the condansation of a supersaturated

vapour, Becker and Doring also considered growth of a solid from the vapour phase,
being mindful of the previously mantioned diffarences nated by Gibbs. Thus thay
provided a theory of epitaxial growth via the nucleation mechanism assuming the shape
ot tr;e crystal puclel 10 bae cubical. it is pernaps .duc to the fact that the Backsr-Doring

theory of growth via nucieation captures the assancs of the phenomanaon that nearly ail

e
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aubsequent developiments are derived from it. in one form or anothar, including

descripgtions of nucleation of 8 solid phase lrom a liquid or another solid phase.

A fyndamental assumption of the thermodynamic description of the nucieation and
growth mechanism is that the critical nuclei are sufficiently large that thermodynamic
notions are applicable. For criticai nuclei involving only a few atoms this is not the case
and a kinetic description of the process of nucieation bhecomas essential. Theoretical
devetopments along these lines are discussed later in this section. To maintain a
historical perspective, we next discuss the parallal development of apitaxial growth from

the vapour phase not involving nucleation as the growth mechanism.

The simplest description of growth from the vapour phase and leading t@ an
expression for the growth rate was given in 1882 by Hertz*® and In 1909 by Knudsen®’.
Emptoying the kinetic theory of gases, the rate of impingement (i.e. flux) of the vapour

phase atoms on & solid surface Is found to ba nearly,
R*={S.a_P//2¥Mk, T} (.1)
where P is the pressurs at temperaturs T which is assumed to be the same for the

vapour and the solld surface, M Is the mass of the vapour specie, a_ is the area per sita

L]
on the surfacs and 5 the sticking coefficlent Further, employing the thermodynamic
relation,

Au=(u-u ek TLn(P/P ) . .2y
A

. whare u and y_ are the chemical potentiai under the chosen conditions and at
equilibrium. respectively, and P_ the equilibrium pressure, one may write the attachment
rate in terms of the driving force, Ay, as, '

R™=(S 3, P //2TMKT) axp {(u-p/keT} .3

Thus, if A is the net desorption rate, then the net rate of attachment is given by,

Madhukar & Ghaisas

R={R"~-R") {n.a)
It thus remains to find an appropriate expression for R™. However, it is also true that at

equilibrivm (ie. Au=o), R=g, 30 that R*sR"{Auro). Hence from egquations {11.3) and (I.4) it

foliows that,
R = A- (edW/kaT - 1) {us)
whaere

R={5 aq.P././ZkasT}
provided one assumes that the net evaporation rate for du=o is assantially the same as

at aquilibrium. Wae shall shortly return to a discussion of the limitations of equation (IL5).

An important feature which is not axpiicitly ‘s part of the precading considerations
ot crystal growth is the consequances of the stomistic nature of the solid surface and its
influence on the kinetics of the atomistic processes respansible for crystal growth. In
addition. the issue of when nucleation and growth Is likely to he the mechanism of crystal

growth initiation remains unexamined. Amaongst the earliest Investigators to recognize

the critical importance of these issues, and the nature of the starting solid surface, in

controiling the {a) kinetics. (b) mechanism and {c) the resulting surface morphology of the
growth front, were Frenkel,3® Kossel®® and Stranski*%. Since these are the thras issuas of
utmost significance to this review focussing on molacular beam epitaxial growth of

compound semiconductors, in the following we provide a briet background to the early

_ developments of these notions. This should provida a helptul framework within which the

reader can not only systamatically examine the issues relating to MBE. but, as shail be

seen, also appreciate the new siements introduced by MBE-elemants which In tum

demand generalization of old ideas.
L]

: ‘ad3?
To introduce explicitly the atomistic nature of solids, Kossel !r_uroducad , as @

model, an elemental, simpla cubic, $olid with nearest neighbor bonds of anergy ¢ - the
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50 cailed Kossei crystal. He racogruzed the significance of the presence of steps, kinks,
ledgas, etc. (see tig. 1) in influencing both thae kinetics and mechanism{s) of epitaxial
growth on a surface otherwise free of defects such as screw disiocations, impurities, 8tc.

Restricting hirnsalf to considerations of the homgepitaxy of such a solid from an atomic

vapour, ha pointed out that growth on such surfaces will occur via addition of atoms at
the kink sites on the steps since such a process is self repeating. Arrival of atoms at the
kink sites is from both the vapour and through diffusion of atoms adsorbed on tha fiat
tarraces batween the steps, inciuding diftusion along step edges, the relative probability
.napending upon the degres of supersaturation, and substrata tempearature. The
fundamantal atomistic kinetic processes of surface migration and desorption to the parent
vapour phasa, including fneir depandence on the local bonding configuration (i.e. number
of bands in the initial state) could, in principie, bs accounted for in a kinetic equatian
based formulation of the growth process. However, exact anaiytic solutions to such
equations are not possible and the resuits had to be obtained within a variety of
simplifying assumptions. The simplest such assumgption is that tha evaporation rata of an
atom having m nearest neighbor honds. m = 1 through 5 representing the possible
number of nearest neighbor atoms for a surtace atom in t-he Kossel crystal, may be

replacad by the evaporation rata from the kink sites (m = 3). This simplification is

motivated by considerations of micro-reversibility and tha view that at equilibrium {i.e. no
growth], the overall evaporation rate shduld Do weil represanted by the desorption rate
from the kink sites since. in the preceding view, growth is asserted_ 10 be via
attachment at the kink sites. It is thus thought fair to further assume that evaporation

fate during growth is aiso wall approximated by that from the kink sitas at equilibrium.

The axpression tor the growth rate, R, thus arrived at is:
+

R = (R* - R')

- (K.qaﬂ'Au - K.q)

Madhukar & Ghaisas

s va iBeBAL L ) (1.8

where v is the attampt fraquancy, B = (k,T}" and Ay is the degree of supersaturation.
Exprassion (H.6) thus reprasants the Umiting valus of the growth rate. Such an
approximate result has been referred to in the literature as the Wilson-Frenkael growth
rate. presumably because Wilson*! ia 1900 and Frankei*? in 1932 gave the limiting growth
iaw for growth from the meit. even though the limiting growth law for growth from the

vapour was in fact given much earlier, in 1882. by Herz®®, and in 1908 by Knudsan®’.

Simple as the exprassions (il.5) and {1.6) may be, the approximations forced to arrive
at thesa analytic rasuits aiso lesd to many deficlancies. One immaediately notes that for
Au~o. the growth rate.is linearly proportional 1o Ap. The nucleation and growth regime
is thus completely lost in the approximation. For the resuit (1L6), ons might have
anticipated this from the underlying reasoning that growth proceeds by attachment at

kink sites. The atomistic reasoning, however. at least clarifias the expected regime of

appiicability of a resuit of the form {I.5). The vaery burden of a theory describing the

nucleation and growth ragime i3 to demonstrate how nuclel form so that once formed,

/

_they can generata their own kink sites on the staps defining the adges of the supercritical

nuciei. Approximations other than the one noted above have been tried but they all lead

to some unphysical leature or another. We shall, lltll; in this discussion, note one such
approximation.

One particular assumption inherent in the precading discussion leading to

" expressions {II.5) and (I.6) needs to be explicitly drawn to the reader’s attantion, for it has

significant bearing on the subject of MBE growth 1o ba taken up in the next section. This
is the assumption that the temperature ot the valpout phase species impinging upon tha

solid surface and that of the solid surfaca itself.s are the sams. it is only when such &

" condition is well satisfied that not only are the preceding considerations of some merit,
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but even the central concepts of micro—reversibility and the use of relations (1.1} and (1.2}
with a common temperatyre to arrive at (1l.3). of meaning. By contrast, were ane to
consider growth trom the vapour phase in which a nearly hallistic impingement of a
vapour beam at some temperature T' on a solid surface held at another temperature Tg
were involved, then all the praced-ing considerations are, to say the least, called into
question. The MBE growth of -V compound semiconductors, as shail be saan in the
next section, is generally carried out under growth conditions where this is likely to be
the case. It is for this reasort 43 well that conslderations of MBE growth demand a fresh
iook at the problem with an ®ye not jaundiced by previous experiences and prejudices

carried over from the historical Hterature of vapour phasé crystal growth.

Burton, Cabrera and Frank furthered*? Kossel's idelsr towards an atomistic
understanding of tha mechanisms of epitaxial growth. Thesa authors, noting that the
measured growth rates on resl crystals at supersaturations oi_ order of, or less than, 1%
were several orders of magnitude ﬁiqhsr than predicted by theories of crystal growth on
partect substrajtes. concluded that "growth of crystals under low supersaturation can only
be expiained by recognising th#t the crystals which grow are not perfect and that their
imperfections .will provide the steps requitéd for growth, making two-dimensional
nucleation unnecessary”. While the work of BCF is perhaps best rememberad and widely
guoted in the crystal growth literature for identifying the role of dislocations terminating
in the surface with a screw component in inﬂuencing the growth rate. several other
resuits partaining to defect free surfaces obtained in the paper are ot no less significance.
In particular these authors provide a clear discussion of the relative significance af the
diffusion length (1) of an adsorbed particle ang ‘the average distance between the kinks
existing at the steps. The variety of consideratjons and results ob:ained by BCF are toC
numarous to summarise here. The interestad reader Is thus refarred to the original paper.

However. our interest here being focussed on epitaxial growth on low index, ~atomically
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perfect” solids, the following discussion, though not explicitly given by BCF, we believe

foltows as a natural, and essentially self-evident, consequence of their analysis.

The operational notion of a “perfect solid surface® is a surface for which the
average separation (WQ) betwesn the steps, inevitably present on a real surface, is much
larger than the surface diffusion IQﬁgth () under the growth conditions (ses fig. 2a).
Thus, in a situation where | << Wo, growth at low supersaturation can be initiated only
through surface diffusion controlled chance formation of critical clu;ters stable against
break up caused by thd atoms leaving far the parent phase - the vapour. Initiation of
growth under such a condition is thus via the nucleation and growth mechanism. It is
important 1o recognize that the critical nuclel formed may themsetves be I-dimensional
or 2-dimersional depending upon the relativa ratas of attachment of atoms in tha
directions normal or parallel to the surface. Once the critical cluster size Is passaed.
further growth can proceed via diffusion controlled migration of atoms to the step edges
provided by the clustars themseives, as wall as, In some cases, coslasscence of mobile
clusters. M the energatics of the material system and the kinetics attendant to the
growth cnndltioﬁs are such that glowth initiated via 2D nucteation, then an assantlally
\ayer-by-layer moda of material sddition will resuit. However, with each subsaquent
addition of :-a monolayer. the average separstion between the steps will decrease since
statisticaily it Is unlikely that s given layer s hundred percent complete before tha
initiation of the next. The net consequence is that the average ‘terrace width <W>
becomes a function of time, <Wit}>, such that <W(t-a)>-wo. Once <W(t}> becomas
< |, the surface migration length, nucleation is no longer needed for growth to cantinuae,
The arriving atoms, by and large, are able to make.their way to tha kinks and steps where
the higher bond cocrdination reduces dramatically their chances of evaporation to the

'
vapour phase or migration away from the step. Indeed, if the starting solid surface and

growth conditions were such that W < | {fig. 2b), then attachment of atcms at the kinks
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and steps is the predominant process of atachment of the atoms fram the vapour tQ tha
salid phase-from the very beginning and formation of gritical clustars to initiate growth is
no longer reguired. The growth mechanism in such a situation has been referred to as
the continuous growth mechanism. It is then seif-svident that even when nucleation may
be the growth initiation mcchan&sn.i. with continusd growth the growth machanism will
sventually change over to the continuous growth machanism, the time for this changa
over being controlled by tl';o collective influenca of individual kinetic rates on the time
evolution of the surface morphology of the growth front. Figuras 2(s) and (b} also show 3
schematic representation of the corresponding growth rate as 2 function of time. A
feature of fundamental importance which follows from the toregoing discussion
identitying the nucleation and growth and continucus growth maechanisms for growih of
soiids on defect free and atomically fist low index solid surfaces, and whose
consaquances we will have occasion to discuss later, is that for the former the surfaca
step density distribution changes significantly with continued growth - in particular in &
near oscillatory fashion - until it reaches s steady state behaviour. For the latter growth
initiation mechanism, it is the step density distribution of the starting solid susface,

hereafter called the substrate, which sssentially gets perpetuated during growth.



Theory of nuclestion and growth

In thermodynamic equilibrium all processes proceed in opposite disections at equal

rates, as required by consideration of *detailed balance’. Thus, for example, in equli---

brium adsorption, surface processes such as condensation and re-cvaporation. decay
and binding of 2D clusters must be in detailed balance. There is thus no net growth

. and the system can be described by unchanging macroscopic vaniables, ¢.z. #(p, T.),

while microscopically the sysiem is continuaily changing via thess various surface
processes. Equilibrium statisrical mechanics can be used to describe models of such
situations. T e -

By contrast, crystal growth i s non-equilibrivm kinetic process and the final
macroscopic state ol the sysiem depends on the routc taken through the various
reaction paths indicated in figure 3. The state which is obtained is not necessarily the
most siable, but is kinctically determined. In gencral, certain parts of the overall
process may be kinetically forbidden (e.g. dissolution into the subatrate), others may
be in “local” thermodynamic equilibrium, and some will be kinetically rate-limiting. In
the secand case, equilibrium arguments may be applicd locally, e.g. to the adsorption—

desorption cycle so that -
n, = Rr,. - (.1

Another case is the growth of smal} clusters which decay rapidly; this leads to the

, so-called Walton retation {Walion 1962) for the concentration of § clusters, where
! j= i = critical” cluster size:

(n, N,) = (n/ N Y, Ciim) exp[BE(m)). (L)
The C,{m) are statistical weights which can be caiculated from the configurational and
other contributions to the entropy of these j-sized clusters of type m; equation (1.2)

_ can be casily derived from detailed balance or statistical mechanical considerations

. lo one term only.

(Walton 1962, Venables 1973). At low temperatutes only the clusters with highest
binding encrgy E, will be important; the X, in equation (1.2) can then be truncated
BT | L

Kinetic rate equations have been used 1o describe pucleation and grawth behaviour
and interpret experiments since the first publications of Zinsmeister (1966; 1968, 1969,
1970, 1971). I only single stoms are mobile on the surface these have the form

dm/dt=R—nf -2y~ i, U @1
L

da/dt= U_, - U, (j=2) 2.2
where ny, n, acc susface concentrations per unit area and the U, are the nct rate of
capture of single stoms by j clusters,

By dividing clusters into ‘subcritical’, /% i and *stable’, /> £, and summing all stable
clusters via .

n=Y n

Jorel

these equations can be simplified (Venabies 1973) to

CdnJdrm R~ mf v —din,w )/ d1 2.3)
dn,/dt=0 (2sjs) (2.4)
dn,/dr= U~ U~ U, (2.5)

In equation (2.3) the last term represents the loss of single aloms to n, stable clusters
with an average number of atoms w, per cluster. Equation (2.4) is 2 consequence of
the detailed balance arguments (L, =0) lor the subcritical clusters which leads to the
Walton relation (equation (1.2)). The last two terms in cquation (2.5) are attempis
10 deal with coalescence; if stable clusters impinge on cach other by growth {U,) or

N

The number of stable clusters has often been

of island

q d with the b

observed by transmission electron micrescopy (TEM). Using this technique, the number,
averagesize anq shape, plus size and spatial distributions can be measored in great

| Metail,

The critical cluster size § is the size whichTs- ;lrost—u-l-'lslable: clustc_r: (-a-(_sizc > i lc;:

to grow rather than decay, whereas for j < i decay is more probable and local equili-

brium tends 10 hold. .0 fngs, for example, in the island growth mode. that Au(=
kT, In{ p/p.). where p, is the equilibrium vapour pressure of the bulk deposit) is often
extremely high and consequently { is very small, often only a lew atoms.

e -

. The instantaneous condensation coefficient (1)t is simply given from equtibn
(2.1) by _
(2.12)

Bt} =1=m(1)/Rr,.
The integrated condensation cocflicient a(r} i
Ria(}=R j' B(r)dr
a
=Re—v;" j.m(l')dl'. (2.13)

In the case of island growth where R can often be reduced to zero without the stable
clusters disappearing, Ria({f) can be equated experimentally with the total number of
atoms in stable clusters, i.e. (m,w,). This follows from cquation (2.3) and the definition
of a(s). In the case of layer growth and particularly of equilibrium adsorption, care
should be exercised, since the nt r ining cond d may well depend on R;
the deposit may disappear il the incident flux is tumed off.
The experimental observables a,, Z. o and 8 can be measured as a tunction of ¢,

T, and R by a combination of (electron) microscopic and surface physics technigues.
If singie atoms anly are mobile and nucleation takes place at random positions on the
perfect substrate, the nuclcation and growth behaviour should be interpretable in terms
of the rate equations described in this section. Time, temperature and deposition rate
dependencics should be mutually consistent and parameters deduced from such experi-
ments, for example E, or E,, should agree with independ. where
" they exist.] -

The various regimes predicied by the rate equations can be discussed physicalty with

the help of figure 5, chosen for high {a) and low temperatures (b). Initially n, -_Rl,
a and @ arc equal 10 | and a, and Z=0. This is the “transient’ regime. Fof I_mgh
1emperatures, with 7, small, this lasts foc ¢ < 7, and the value of &, at = 1, is negligible.

For low temperature, n, is limited by capture st stable clusters st ¢=r, = (e.Dm)"'

" and n, can be sizeable.]

(oalescance

A -

g f

Figure S. Evolution of the single-atom demily (n,}, the stable chuster densiy (a,} and the ol aumber
of atam condemsed (Ria) as a function of deposiion sime ¢ for (o) high temperatures and ||‘ll o
temperatures. The re-evaporation ime r,, capiuie time 7, 3ot himitation of n, by coalescence ace indicated.
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1

e W



1. INTRODUCTION

In this ‘wekurqwe give » survey of the role of Monte Carlo (1_4C) !i-ul-':iunl _in the
scienca of crysial growth. Charsctaristic for MC simulation i ies ltc'vlchl!uc na~
ture: rendom nusbers will determine vhether and hov a system changes its stotd.

This thould ba done sccording te transition probabflicies wvhich are dn-rnu.ud from
2 modal of the physical system of Interest. Fluctuagions are lllt?‘ltil:l!ly jiacluded,
in contrast to most other theories which are deterministic aod give, therefore, only
the average time development.

Firstly ve ssaume that the changes in the systes {e.p. particles attaching to the
crystrl) take place so fast that intermedisce states can be neglected. 'l‘hrrrlare
we restrict oueselves to discrete simuwlscion, i.e. pimulacion of & system with &
discrate set of states.

Secondly wa intend to describe crystals, groving from soke surrounding phase vhich
: nay be [luid or gasecus. This allovs ue to define a lactice with the crystal sysem=
etry, vhose cells are either solid or belong to the -d:iu_ut phase. We shall not go
into dezail concerning the ambient phase. We appume lh,t it is t'm-)gommlu acd that
the concept of tha chamical potential of & particle vhich is going to join the crys-
tal can be used.

The aim of simulstion is te describe the tima development of 8 system vhen the pro-
pabilities of some "elementary events” are knowa. In our case thres types of ele—
mentary events come inte considerstion: sddition (also ul!-d lttfch-:nt. cc'mn_ienn,—
tion or creation), subtraction (detschmest, evaporation, dissclution or anninhilation}|
and migration {diffusion) of wingle #olid cells.

Discrete Monte Carlo simulntion has & number of different aspects and can therefore
be used [or saveral purposnsi

{i) It can be saxn as 20 jdesl experiment wikh a simple, pe'l'llctty known yystem.
Several effects can be studied independentiy, #.4. nucleation. growth apirals, sur-
‘face diffusion, tewperature, crystal strocture (140 . .

(ii) fr solves the wmaster ef'p:m.inn of the system {(¢Mich gnverns ite time evolution),
numcrically. Usually both high and low tesperature Appraximit ione [alllu.lm.m to
transition tempetatures, Such that MC aimolaLions sy be the only possibilicy which
is lefr. .

(iii) In addition to (ii) 1t can be used to thou chat the ?esulcs of malytlca:
theories are often applicable, even when their prewuppositions are alund’. valin.
Their domain bf validity is, in such a wiy, checked and even extended.

(iv) Simulatiom of a concrete physical experibent may give 2 betcer lns!:;l\t.(n the
relevant atomie processcs and may utimlal‘u futther cxperimental investipations and
the deveiopuent of nev ideas and madets. .

(v) Observation of a [luctusating system may reveal unexpectod cEfects which may have

; |
peneral implicscions. The no min'2 lond between thibry and experiment can 14 U-!-.:tlbg.;

T P T

Monte Carloe simulstions fn the field of Etystal growth have been praved very wse’

ful in the study of equilibrium surfsce properties and growth mechanisms 1lke nor-

mal growth, nucleation growth, splral growth etc, The first simulstions vere carried

out by Chernov (5,6) and Binsbergen (7,8) between 1966 and ¥971, After 1970 the . = — —
number of people involved with simulations incressed rapidly

THF RATE EQUATIONS

T siovnbating §he phenomena sl vapor slepumitam on
an dostitls specibed avstalling sinface, the fullowing
Dt Lumental atomic poocesses wrcussumed

i

Wt Condensation ol a vapor alom on a “cryatalling”
sl o hefmated ke TR (Vi atom—smdatom);

T :

prr mjr‘ul b Latonn l||e.~\-:;'l|l;li:{al'l|:|'lslln-f'

f\';.lpm ;mnnl;’ . e . . .
(CV ™ Migiadron of the adatom by o neighlbovimg site”

(il —abatom). f ) .

The perlinent rate eouations for these processes will
now be presenled.
The rate at which condensation occurs is direetly

N proporticnal to the rate at which atoms sirike the

surlace, The number o of vapor aloms striking » it
area of a surface per unit time is given by

 a=P/{2xmbT)WA m

. where P is the vapor pressurc, mi is the mass of the vapor
atom, and & is the Boltzmann constant. From the
expression for Lhe chemical potential u of an ideal gas!

. iw=—kT [ (2emkT/RPV/N(TIT

we obtain ‘ I )

o= kTT(2emk D) /R] explu/ETHATT, (2

where f,{T) is the internal pattition functiofl for atoms’

in the pas phase’ Fouler” derived an equation using

statistical mechanics for an ideal lIatlice gas system on n -

two-dimiensional uniform lattice with no interaction

between nearest-neighbor adsorbed ntoms. Fowler's

trealment gives tise to an inleresting expression for the
!rate of evaporation of gas atoms from the latiice
" aurface:

) v byexp(— E/ETY &)

i by=[(Remt TR fATICDY

|
E is the binding cnergy per particle per site; f,(T} is the
interral partition [unction for particles in the adsorbed
phase whick is assumed to he independent of the locali;
cavironment of the adsorbed particle (This is bot
necessarily reztistic since f. depends on 1he number of
dezrecs ef freochun of o particie, which “aries with the
number of nwdres; neighbors.) !
Eqpations {3) and (3) are quite similar. In fact,
using Lhess rjuations to form the ralls of the rate at
which patticles strike the surface 1o the rate at whic
ilicy evaporate yickls l] .

[ a/e= expl(E+)/AT? @ !

Nite that we have set fo{T)y=1kn detlving Eq. {4} .

In compuler simulation of the nencyuilibrium be.
havier of a svstem, the relulive rates for the varioud
processes must be known, Equation (4) expresses the
needed relative rate fur odsorption and evaporation.
We furthee assimie that the nearest-neighibor interacd
Lions el next-nearest-neighbor fnteractions affect only]
the encray ol the imteraction £ and not the furm off
Eq. (). That i to say,

where

R s | {3)

Wl!l'l’[: e is the hinding cnergy of a silv,f, o are Ihstll
timber of Hearest-reizhbor ad nestiearcst-neighog!
atons, vespre s vy sl e e e e Rearest-neighlgk
and mestencarest-neighbor fateral inidractivn energicd,
For the square
lattice, lateral interactions between next nearest neiph-
wrs are said to exist when sites located on opposile
corners of a squace are occupied. The interaction forces
are assumed to be van dec Waals-London, with the
primary attractive interaction energy falling off as the
sisth power of the distunce between adsorbate atoms,
For the square [attice, where the ralio between distances
feparating ‘next-nearest and nearest  beighbors s/

ri/n=v3,it lollows that we/sy = fF whese w reprosents /
the inteeaction energf’ ) - T

Iv. THE COMPUTER SIMULATION MODEL

© In the Vapor Deposition Simulation (VDS) pro-

! grams, the surfaces on which vapor atoms are adsorbed
_are two-dimensional square lattices. T
. ___ Periodic boundary conditions ure used;
'i.e., fora NXN llltl.ict, Xim Xywa and I'l- Yuu-

We assume that the binding energy of an adsorbed
atom to the substrate is redated only to the number and !
type of nloms it “touches.” \We'assume Lhat there exisé

_only two types of atoms: the crystalline surface atoms
and the vapor sloms. The atoms are the same size s
that the deposited atoms will relain the erystal packing,

The crystalline surface atoms are fixetl once their |
pusitions are specified at the beginning of the problem.
We will denote these stoms by “B." The depositing
atoms may condensc, evaporale, or migrate. We will -
denote these atoms by "W." Exw denotes the binding
encrey lor “E” and “I¥" atoms which are touching.
Eww denotes the binding crergy for Lo touching
“I#*** atoms. The total binding cnergy equals the suw
of the binding cnergies of the single bonds,

Evaporation

The evaporalion of an atom requires that the bumls
between it and its neighbors be broken. The evaporation
rate per atom r, is o Tunction of the binding energy, E;
ve® ¢xp(E/RT). Examples of the binding energy for
HwHNe w:lpomlion configurations are presented in Fig._J

RIOSGE

Migsation
. The migration of an alom reruires that sane hands,

It nut ait of the buonds, be broken in visler to wn W
anather site. This depends on the particular geometry
for the migration. A patticular exampie is -given in
Fiz. 1{d). ! :

B Rl

The migration of the W adatom to (a) positions 1,
‘1. 3, or 4 requires 2B-TV bonds to be brokendice.,

ta=2Ew;s'{(no nearcst-neighbor adstoms); '




Ahe_fullowing “pomadized”

e Tale CXpIFCSSIONS pure
wvfam esplletpio—n) (2T (%)
$uja= e.\[{(c.—n)fkr}. (snigration), (I'.i)

where e is the encrgy associated with the bonds broken

in order for the usdatons 1o migrate to the neighboring
site.

P WNOING ENERGY

* °A°

’tm
709" o de brwhen bt the
Syr- el 1n oot Ik}

¥ig. 1. The binding encrgy bor dill o ical conlgtura-
Ciens and transitions. Figure Lic) depicts tie siey which the IF
Jatom niay migrate for i UansilunS.

V. THE METHOD OF SIMULATION

As indicatod carlicr, e use of raumlon numbers iy
employed to control 1he varipus movements of o
dymamical systen o wlums evaporating, cowdensing,
amlfor migrating on the surface of a lattice. Thef
!il)S pr:z;rninu arc thos based oq}_r_g]mic Ciurlo miethodd.
Munte Carlo mclhulz?nre methods of siag_random
AT Ta SolVe” primlems in’ ajﬁ:ﬁul-iii'a'ﬁfciﬁh-lﬁl!
Their importance tests largely e the availability of

face cesulls Lf we keep the top row [5(f), 1</ 20]
idezftical 40 the next o the bottom row [S(1), 401 %/
*420] and the bartom row identical to the pext to the top
For, Whensaver a Suriace height in the next to the top
€9 15 canged, lor example, the corresponding posi-
“f-'- A8 the bottom Tow is changed to the same value,
523 maintawning the two rows identical during the
szularion.
' - i
The Wme avolubion of the system L5 described by 3 {
serfes of svents watinga &xactly as ui Aoraham ana
white’s prugram. A random number X i3 generared
* and normalized (o give an integer ! in the Interval 21
&[4 420; this determines the surface position at which
a transition will be attgmoted {(an advantage of a single
subscript F 13 that only oot random number and one
normalization process i required Lo pick a site on the
surtage). A secand rapdom IV Is generated to deter-
mipe whal transition, U any, will oecur at the selected
sile. To save computer time, IY 1s Jeft unnormalized;
the generator used Lo this program proguced numbers
distributed uniformly ver the jnterval 0 < ¥ & [Y,,,
., whers J¥ & 2x10% This Interval Is divided Inta
three major subintervals, with the length of each pro-
portional to the maximum possible value of the transi-
tion probabllity per second for the corresponding pro-
cess (see Fig. 14). Then
N (x,) n :
R T IR Y N

gives the wmagnitude of the interval corresponding to an
annibllation attempt, for example. In the simulations
of this paper, the maximum rate constants are associ-
sted wilh Isglaied adsorbed molecules, L. e.,

u:)__-h, (‘.,)__-i.,_ (h;)-“.‘.; .

The Interval in which [Y [alis determines which process
will be attempted. To decide whether to actually exe-
| cute the process, aach of these intervals is further
divided into two subintervals with the length of one pro-
porticnal to the transition probability per second lor the
parucular lype of sile which axsts at the selected posi-
_|uon; for example,

I_\_i-,;h-s;nﬂl ulc_cMc_gnup:luts.' N
The crystal growth is simulated on 2 209X 20a section_
____ of the surface,| Pariadic boundary
conditions are used to help eliminate edge effects, and |
these condllions can be altered to force a lixed pumber |
of steps Into the section. The “.
ST TBIIRLr Atibn 13 retainad in the computer mem-
ary by specifying its heizht above each of the 400 lat-
tice polnts of the section. N {8 representad by 2 ainaly
soscrivtad array of integers SU) with 1 € /s 440. The
400 ntegers (1), 21/%420 give the surface height in
izterplanar spacings, and the remalning 40 integers are
used for maintaining the boundary conditions. The lat-
o position assoclated with a given subscript ] is jn-
dicawd in Fig. 13. The four nearest neighbors of 3
f:7en position labeled with Jare in the positions cor-
responding to fe 1, [-1, [+20, and I-20. A (100}

L,
._-_l........ "-‘ "I]“"’uil

LY h
AT A Y

La

)IH

I8 the subinterval corresponding to annihilation of an 5,
sita.- N IY falls within tus interval, the growth unit i3
annihilated; U not, the growth unil remauns. In either
case the event is complete and 3 new par of random
oumbers 18 chosen for the next event. A s5lghd compli=
cahon occurs when IY {alls in the Surface Qumsic: in-
lerval, since 3 peighbaring position must also be choses
in-order to determine &, and Ly ;2 A third random
pumber IZ Is generated and the region 05 [Z <12, IS
divided into four equal intervals corresponding to the
lour nearest neighbors. A nearesi-afighboring positol
is thus chasen [or the dilfusion Jump. As before, U s
{alls outsyde the subinterval [, ,, the dilfusion jump 1%
ROt dxecuted and the computer proceeds (o 2 aew event.

e " P o
Towing propevries: (i) for & given aystem @ i3 prapcrtional

RoUGHNESS

i ~their rough~
i of surfacas which is fnceansively -;udi-d! is siv vou
':n::':}“:::;::: I::n:;:‘{nuﬂau contributios to I:h;‘;:::l;ud:gh_:zii_:;i;:;‘::t:llund
: . . For s selid oa sol » ied grotal, nus-
:::f::o:::l't :::r:“:::.u::::::z:u:omh'_'lin' has to corractiior faclvant: inclusions

and'solid islands in the sulk phassal” [

aracely in the
cactions and Cempeyaturss do pot occur sep " .
b rario m::: f:.:; ::‘:uiu. Thers is, howsvel, in ths unutun.:: ::t::::::n:oz.
ti-;'l’:z;::.“ such ratios to charscterize the Tange of E“'P'#.“"“:".). ingerret
o i vi
which fs copsidered.| we shall chooss such a racio (“mn‘l‘;,(li)'diucrm}:
- barvedn
uirhitha?eame average potantial enetay an
‘:ll..i)f'lll".h' scalad in such & uay . that the cntiu:-nl‘ :::-:
squacs Ising’system with nasrast oaighbour in L}

aystens ot tha seme CERpeTS
tuo cella have the sams [T
peracure of ‘s fwo dimenaional
ticns 8gtl. .
; & system with complicate il;t.llc(ll'lnl‘
»¢ oalighbour intavaction
L e & Vg refar to 8 &5

i i tien that
Point (ii) is inspired by the ssump

c:l to soms extent, be lppronut-d by & s¥y8 O reme
oal;'. which ste such that the wnl_ 'hq.lu anerEy

standard l:-lpn'.t.un__)

o the ‘ ba obtained from eq. {10),
thalpy pevT solid cull, to L et they

oo ““.I:n:i:; :I;l. solid Eslls sre- w0 far auay “::c::d;-tl-.an s

veve mo on:u:‘l“l:ututlon say mote, snd anothet ltl:l‘mn

:.i::dn:n-: completaly solid crystal, Then ue define ¥y
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: e=0 88138 okTIL . 26
. 1actice. Yor convenience o L ]
wvhers & is the nusbat of naarast “Vlﬂibﬂll in che lat ) § i £ th

. Table 2 the Ta !
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: Tabla 2. Relstion of © vith intsraction paramsters ol other X
' ’ authors’ ; B
paramecer w = /kT ciJot aty=(LIkT le: = i
5.6, 1-14,20, l,?-lﬂ,lhll_.!l.!i,l? i.li.l’,m 2,3,2, !
et 23,280 29,30,32,3 22 ’a,:
Koesel (100) 0.h8/0 1.7810 3.33/8 l:.::la A
f.c.c. (100) 0.88/8 1.78/0 3.531_0 . i
" a.se/e 1.76/0 5.29/8 10.58/8 I
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i o - Ls shown for dilferent crystal struce
i {ch tamperatute ~
LN, u: "ll'ittlsg')‘ :: 'I’; l‘:\d f.c.c. (100) (24) feces have the same htu‘--:"s::::r -
::::...n::“.::.:“d:. it oo T ';:M' lnt;:::::n’;h:h:;:!:unce‘ . :;‘C dynamics of crystal growth from the vspor are simu- I
. - . ‘ | grow : .
r? ore similar st low temperatures. uhiﬂu;o; :on:;:"::l\ inr the foc.c. (100) is 8 ~ lated by two basic .e“nu' 'm?Ingcggp_t s gt
e e etriction thin Tor the ¥ fece) terms of the chemical potential g, the deposition rate is”
mach stronger restriction than [or the Rossel (100) fece). erm < ctential , i posiionruen’ |
ac (100} face (17} i3 equivalent with the lu“-_nel‘(loﬂ) ‘[r?'-.l k* = vepyuskT), | —_— "
Upon increasing Pl temperature s heverety e ae i e e, where v is the frequency factor, T is the absolute tempera-

nt omER s . &'l . L. . X
d less distinguishable until, at the critical temperature g B, ture, and & is Boltzmann's constant. This is obtained using .

Also the unrestricted
at lov tenperatures.

become less an . nd r® 3 0% . , . . , :
:'.‘;l‘l-:!"thl'thru sisensional Ising wodal, the intarface vanishes & the dilute-solution approsimation relating the chemical po- |
in one tential and the concentration C in the vapor |

. he same tempersture §, stronger bonds pol
The orthorhombic crystal (21) has, at € Kossel crystal (hera dpf#, . !
Lsteral direction (weaker ones in che other) than i“t;:!“::::ter:::imn. e pf— = kTinCsC¥, 2 .

e 3), which lLesds to msny sf neighbouts parallel to

:’ ] 3 . qu.ll]ibﬂl.lm qumlily. The’
"N structur] Tleuch, that cells , here the superscnpt de
has & ttllll‘\llll‘ t " ¥ 1 P notes an

fnn f.e.c. (D7 Enee (25) 0 ““;“:::-;I i rection;*which +is-also-reflectediinsthe \ :r:rtmgemmt rate is independent of the Jocal surface struc-
are maresatrongly ‘h““"'lmfhzn 10 2.07 of TthePewon- dimensionalitriengdlar 1iingrmode . .
highec*criticalvtemperature e ' : Evaparation, or the removal of an atom from the surface,

and.s much smaller roughness. " Co proceeds with a frequency
e s | Tk o= vexpl —nd kT 3 Fio. | Typical configurstions of the simple cubic {100] face dby the
| . " Monte Carlo simuistions in the casc of & crystal in equilibrium with ity
0 {@4-roID} ) where nt is the number of bonds to other atoms of the crystal vapor. Smafl clusters and stoms with fewes fh;!'h‘:m bonds and n‘m:l:::
I and ¢ is the cnergy required to break one bond. Here evapo- Ayures wre the values ol';';':’? i )
ration is treated as a simple activated process. Equilibrium putes pre )
prevails when the average rate of impingement is balanced tions are those caused by a few adatoms, vacancies, and very
10} by evaporation, so that the number of atoms in the crystal small clusters. Figure 2(A) is a configuration just after an
. remains essentially consiant over long P‘m"d':f“.m‘- Th‘- equilibrium surface was placed in contact with the supersa-
' ;_h:mhlcal Zpo m;’:’[ r:qul.rodrl'or equmbf‘;’:ﬂ“"‘ of =—Z¢/ turated vapor. A few clusters are present and the larger ones
. . where ‘ is the number of nearest neighbory of an atom are near the critical size for 2D nucleation. At & later time,
the bulk.* The corresponding impingement rate is equal to [Fig. 2(B] clusters that nucleated earlier hav ded t
‘ the rale of evaporation from 2 surface site with exactly half of ’ ; e eapnn o
ash ‘ : ! & su¥ lasge, stabie size and others have nucleated. In the firal con-
\ the neighbors present, the kink site. Most crystals are grown figuration shown [Fig. 2(D}] clusters are present on top of the
under conditions where the impingement and evaporation carlier ones and materisl is being deposited on two levels at
J fluxes arc approximatcly equal, although molecular beam the same time. After reaching the steady-state structure, a
growth often occurs with very little cvaporation flux. number of different levels ate exposed ta the.vapor and &
This model bas provided much information about the na- perfect layer-by-Inyer control of the composition is again not

1.0 — 20 3.0 ture of ihe surface roughcging trensition for crystal [aces in™
Fig. 4. Interface roughness as fuoction of temperature for [ 2::!;:'::11.:1:1101:\::p:;“ctl:::sl:rr:-\.z\:t::um u:eu']‘:'p:r;
different crystal strucrures: orthothombic (21}, E ; - N cssen : y n i
Koasel (1), unrestricted (17), f.c.c. (100) (24) ; I .WIlh only a few a_daloms and vacancies. Configurations sre!
and F.c.c. (111) (29). ’ i improbable that involve large differences in the heighls of©
o - neighboring sections of the surface. At higher temperatures
height deviations become more likely, and whole regions
* may be displaced from their position at T =07 This is illus-
trated in Fig. | with some typical surfaces generated by the ‘
! Monte Carlo simulations with g =p'**__ and™ shows I'_
|
i

i
1
\
- )
a definite change in the connectivity of the clusters between 1
kT /¢ = 0.59 and 0.66. At the lower temperature only dis-
tinct adatom and vacancy clusters are present, but at the
higher temperatures connected clusiers extend over the en- ’
tire surface. As a result, the ground state reference fevel of t
the surface is lost,| : . . . ‘
Surface roughening clearly eliminates the possibility of ::;m?::?:;::?m:};&fﬁ;‘:m"mw'
producing “perfect” monolayer superiatiices. However, ! '
i multilevel surfaces are also produced by crystal growth pro-
cesses, even at temperatures far below 7, Figure 2 illustrates
a series of configurations generated at a {emperature
T=0.25¢/kand g — ' = 2k 7.5 The surface with g = p!
is almost perfectly Rat at this temperature; the only devis-

possible.




La rugosité de la siicface est camacénsée
parla hauteur quadralique MOYEaRe des défauts:

hailz -a) » )

0 2 est Pallitude du plan moyen,’ B
’ révol “da” la hauteur qua®
i tion de V'évolution ‘de la :
dn:qu:m ::::v:r'me des rugosités hy(8) est faite pour_
plusieurs valeurs du paramére’ K

K mwnoS qui ne de’pend'qu'd:’ll_mobdl' :
YEadatomes sur- b surface, lorsque la vilesse
condensation est constante (M o).

Pour un adatome isolé sur une terrasie (001), on
: déterminde
suppase que la fréquence de sut v., u: Etem
par la tempéaature T et une énergie d'activation £ 1
selon une loi d’f\ﬂhﬂ‘ﬂi’l’:

[}
Cwy megexp(— EkT) . L ;

Les~courbes hy(8) ob soat repr
sur la figure 1 On constate quelles puue_denl une
partic initiale commune dans laquelle A croit np?de-
ment lorsque # aupmente: Ecpend_.mt.'d:n.s e 'memen
domaine le bre de - liai ’ "Nx.(l)-
diminue lorsque K augmente,” pour. une valeur de

8 doanée Ce resattat corespond au bait que
les’ premiers 310mes condenzés sont tOu adsorbéy
dans la premié h ique sur la surfacer—

d'oi Ja valeur de h(8) indépendante de K>— alors que !
Faccrolssement de mobilité des adatomes permet la |
formation de germes bidimensionaels de plus en !
plus gros, entrainant la diminution du nombre de ¢

{ liaisons coupees lorque la température Jugmente

bre datomes condensés sur 5.

pour un méme

0 1 1 3 '
Fig. L. laNuencedela maobilité des adaromes e I"i-aluunn de
Iamplitude quadratique meyenar des rujosiles peadant 1
i amuléc des premiers plans iq ol uRe

face denss,

1

S. NORMAL GROWTH

Other curcent names for this growth mechanlsm are continuous growth and liquid-like
grovcth. It takes place on relatively rough surfsces and s characteriacic festure:is
that the growth race & depands Lineariy on the supsrsaturaticn for small super=
_aaturation. . _we define R as the number of layers sdded o the
crystal par unit time and we sormalize ic usually by dividing R by the frequency k
of attachment.

It canrraadily bavghown (&) chac;~if- the -surface: ofva mone
itorequilibriumyptructuragthen .

'RA® = 1 - exp-aou) ! : (30)
This equation is known ss the maximsl or Wilson Frankel lawt. The linesr behavioun
for'emall Bap-ie- immedistely found from a.Taylor-expansion of‘the exponantisl- func-
tion. In-Figs..7.and & ic {s seen that we-have'limear growth’curves-for (R AL el
but:they sre below. the waximal lav oy. {30},

20 0

' Fig. 7. Growch race of a Kosaal (100) faca &t different ram
peratures (4,33) for & < #p & "muclescion dip" st low
supersaturation 84p is sean. The aysbol I deapates the
standard deviation,

> yotal-Tetaing .

~y
It is clesr that the surface cannoc retain fcs equilibrivm structure during all
atages of growch, unlees {t is wvery rough. In Fig. 4 it can be saen thst ac g the
roughness is 20.3 which ia cons{derably below .5, the maxiwal roughoess 2.0 par
layer, so tha surface structurs will scill play am (msportant rola.

The right hand side of eq. {30} is axactly the vata of srouth of & Xink swite {Car—
man: halb Kriscallage), i.e. a site ot which addition or subcraction of » solid call

* doss not change the broken bond energy iy, (Eor & Xossal eryscal this maans that

the nuaher of solid=fluid maighbours remains constanc). Fi v R i
¢q. (1) should be modifiad inco i fucas sussescFEhit
o !
LR o Al X001 - expl- sau]) " : ($1)}
»

. il .
and we'propose -the following-intecpratstionofsthe . prapoctionslicy’ constantids
)

*

aq, R i
WA T T ; o2
. - e R i



The [irst factor describes the growth reteswhen:surfacE¥{ffusion s absent and ve
see that it inerguu from 0.4 st the roughening tempersture 8 = I,to 1.0 i 0 » =
We suppose that it is proportional to the contributien of sites which are suitsble
for growth. Let us call these genecalizacions of kink sirea, sctive sites, then 4
should be the concentration of active sites on the surface {which is cunlid:ubly
larger than the concentration of kink sites (8)). '

——Ta L e T

Rt
bt

) Fig. 6. Interface structure at different temperatures (43),

.- " showing the "dicappearing”™ of » (10) step at tew .-
peraturas above 8p on a Kossel (100) facw. Tempers- .
ture & (laft to right, top to botrom): 0.75, 0.96, ‘

t 1.0), 1.06, 1.11 and 1.18,

The roughness of a face in of major imporcance for the growth machenism. Roughly
speaking, notmal growth takes place on rough surfaces, on smooth surfaces steps
have to be generated (high index faces, nuclestion, growch apiral). ‘n\u:nleu the
roughening transition:from-"smooth” ‘te "rough™efsces has recelved much - interest}

NUCLEATTION AND GRawWTH

Figure 3 shows a com-

parison of the initial growth rates as a function of the time

after the supersaturation is applicd, 13 calculated by the
Monte Carlo model. Figure A} corresponds to the pure___
system, The
initial rates are quite small in the case of the pure system,
since the equilibrivm surface structure includes few clusters
where impibging stoms can stick to the crystal
As the clusters expand, however, the deposition rate
increases and resches & thazlmum at the point where many
large and distinct clusters art present. As the clusiers merge
to complete the first Jayer, the tate diminishes, and a damped
ascillatory behavior is bbserved. The amplitude of the oscil-
lations is a direct indicaior of the degree 1o which the surface
is localized wt one level. As mote lnyers are deposited, statis-
tical variations in the hucleation rate ctuse different regions
of the surface to reach diffecent levels, and the oscillations
disappesr.

o.08

a.

- P R S

R/k"
0.04

0.02

Q.00

0.0 20.0 0.0 0.0 0.0
A kTt

]FIO, 1. |A] Growth rate transients corresponding to the growth of a perfect
erystal withow! impurities | - o



The hue deveiopment ol the aumber of particles in the largest clustel pr\escnl
an the surface, and of the total number of particies (coverage) is shown in fig. 1.
The theee stages of the nucleation process are readily visible, Fiest the coverage ifi-

creases from an intial value Lo the value in the melastabie state, corresponding (o

___the ynposed supcisaturaton. This period corresponds 10 the transeent time 7,, afier

which on a large sufuce steady state pucleation would Lake place. Then, during the
metaslable period, the number of particies in the lsigest clusles grows steadily till
finally, at time 1, this cluster becomes supercritical and stacts growing rapidly.
An uncxpected feature of these curves is the linear tine dependence of the ares of a
supercritical cluster, which contradicts the usual assumplion that growth is propor-
tional 10 the perimeter of the cluster.

Increasing the supessaturalion, the nucleation time decreases until at a transition
value g° the growth gets a continuous character (novmal growth). An example is
shown in Nig. 2. The largest cluster curve 1einains [ar below the coverage curve, indi-
cating that many clusters ace formed at the same time. Finally, all these clusters
coalesce and the layer is filled.

001

X, 1.
Fig. |. Time devclupment of the selative size A of the lasgest clusier relative (o tha toiad suriace
(b} and the covesage §; (a). Aller & {BRsient Uime 7 3 COANLARL Coverage yemaing Lilkry. In thus
penod the adunit concenleation <) s about consiant (doia, dushed Una). Thia graph s typical
for nucleation growik in ous experiments: w= 1.0p= 0.12, 40 » 10 matrix.

Therelure, we propose the [ollowang alternative. The advance velocity ol any

curved cdge 15 controlied by two different mechanisms: (i) the edge 1ends 1o (o
facets and {ii) the growih takes place mawnly in concave parts of 1he siep (growth
regons). The lisst astumption is supported by the behaviour af 3 siep which was

orginally straight, along the (11) direction. The lendency 1o form facets is clearly
visible in ig. 9.

If the Lendency to form facets is also present on the edge of supercritical clusiess
it is clear that usually only a few concave paris can be present, due to the smait di-

mensions of the clusters. In view of assumption (i) we can associale now the

grawth levels with the presence of one, two or three geowth regions on the edge of

the cluster. .

Also 2 third observation which cannot be undersioed by Lhe classical Lreatment is
now easily explained. In fig. 10 we show the growth of two supescrilical clusters
where discontinuities in the spreading velocity are seen. One cluster fisst grows
rapidly, then very slowly (disappeasance of a growth region) and after some time it
stans growing again (appearance of a new giowih segion), The other cluster fiest
grows by a certainn spreading velocity and at 3 certain time this velocity increases
abrupily with a factor 2 (addition of a new growLh region}.

' Fig. 9. The l'un_e developmant of an imitially “stiaight™ (11) siep, which is constrained by the
- ~ bmnldary cnn_dmom on & 40X 60 matrix: w = 1, # = 0.0. Step paticrms afier 100 sad 200 i
cecations per sile show [he tendency 1o Tacct during growth.

0.03

007 . 075}
Q.01 050
. 0.25F
Fig. 1. Time development of the celstive size # of the largest clutier {curve b and 1w coveinge
Qi {cwmave 8) wader i growth ditions: w * 1.0, 9= 0.5, 40 X 40 matrix.

Vig. 10. Time evolulion of the size (4} of tha lasgest cluster. Il cam bo eca Yhat spraading may
sop i 3 whie (cwive 4 dissappearance ~{ the growih region) of {hal the sprouding rate i
vreases by a lactar T (ewrve b; appearsnce of 2 sscond growth

40 X 40 mawr; (bhw = 1,8 =04, 40 X 40 matrix. * et

e =



At = —n(Z )t

The crystal -surface is represented in a rectangu-
lar coordinate frame with the x—y plane coinciding
with the Mat initial surface, or substrate. The (x, ¥)
coordinales of the nucleation events are gencrated as
Pairs of random numbers in the interval between 0
and L The time between events is calculated with
third such sandom number 7 t+ Using the relation

] —— .. Qlusters nucieate at fandom sites
on the s'url'ace of the erystal and al a rate S per upit
area. J is a fixed constant, independent of time and
ze.'r'd fadius at e time o) nucleation, and expand
with 2 radial speed y thag it independent of radius,
the linear dimension of the section is I; T

Th_is method produces values of ar that satisfy a
Poisson distribution with an average value of (J/),

The nucleation event is recorded in a Jigt that is
subdivided according 16 the layer in which the event

it located. The x and ¥ coordinates of each new event
are compared with those Tor previous events to deter-
mine whether the cluster from the earlier event has
cexpanded to cover the point. This comparison js
performed starting with the clusters at the highest
level, and proceding down 1o the lower fevels. If o
cluster is found that satisfies this condition, the new
event is assigned 1o the next level 2hove, and the pro-
cess is repeated, Otherwise the event is located in the
first layer above the substrate. .

The natural time unit for the simulation process
s Ty = ()", but for purposes of compatison with
models of the infinite system we convert this to the
unit Ty = (Jo')™", and use the vatisble r = 1/7;.

The average growth rates measured at iniervals
duting the deposition of the first four layers are
shown in fig. |. The interface position was measured
100 times during the run, and the square symbols are
the average deposition rates during the intervals
between measurements.’

—_— T
on the surface gnd e

The Ising modet of the crystal-fluid interface can
exhibit a2 numbes of diflcrent growth mechanisms
[18-22]. Al low temperatures growth on low-index
faces appears 40 have 3ll of the characteristics of 2D
nucleation and growth s described by the PNG
model, Clusters of atoms for at different focations

another 1o produce new layers] -

of the local sucface stluclur:.i'I'ﬁe‘clﬁiic?s"surt—w'ilh_

xﬁaad and merg-ew;i'lin— one—-l

e

2 1 4
-"\Jl J"ﬁ\_fdn—w-h‘l"'
LA _‘_,.-P'
e 24
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Fig. I. MC calculations of the average growth sates are ploi-
ted versus the dimensiontey time r. The crouses conespond
fo the rate of deposition in the first tayer, and the squares
represent the multilevel rate R, The curve |s » plot of eq. (7).

Thie salid-on-solid (SOS) limit of the Ising model
of the simple cubic (E00) face is used in alf of the cal-
culations. This model includes nearest-neighbor bands
of energy #, and the atorm are tequired fo occupy
sites of a rigid fattice. The SOS restriction requires
that every occupied site be localed directly above
anollier occupied site, thus excluding overhangs in
the interface and vacancies in fhe bulk of e crystal.
The SOS interface confighirations are represented as 3
square array of colomn variables {h,,,5,,, ..., LT
fun) with discrete heights iy to indicate the high-
et level occupied. The physical processes of impinge-
ment and evaporation are fepresented as a unit
increase or decrease in the height of 2 column, je.,

'[hll; LTTH. -'lu, e ]
hd LITH TN LIRS O P

Impingement occurs at a rate &* that is independent
of configuration, but the E¥dporation rale depends
on the number of neasest neightrr n of the atoms:

kL =" exp[-ap - (r - 1) pg] (16)

where 8 is the reciprocal of Boltzinann’s constant
times the temperature and A is the chemical poten.
tial deiving Force for crystallization, These transition
probabilities are consislent witly the correct 505 equi-
librism pactition function when Ay = ¢ {24].

A Moate Carlo method is employed o calculate
the crystal growth rates. The array of columns is
described by 2 square array of integers. Particular coi-
umns zre selected by a random number generator,
and the process of inrpingement or evaporation is
selected with the approptiate probability using an.
other random number which is compared with a con.
stant that is determined by eq. (16). (See ref. [20]
for details).

(15)

First we consider the formation of the first layer

above the substrate in the case where deposition on

higher layers is excluded The Tate of lMing of this

"~ layer de, J47 s shown i fig. 3.’
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Fig. ). The rate dey/di is plotied versus time. Monolayer
Ising model data are indrcated by ilie cmsula and squares lor
the 40 X 40 and 60 X 60 systems, sespeclively. Here g =
0.25 and pau = 1.0. The cusve is a plot of eq. (7).

The gm;t.l-l_u-(c-s of 40X 40. and 60 X &0
sy{lems (with periodic boundary conditions) are indi-
cated by the crosses and squue_s_ymboln, respecllw;lL

The two models are also consistent for mast of the
time period shown. The Lsing datx tend to {all slightly
below the PNG curve at large times; this effect ks
most pronounced in the 40 X 40 dsta, and It |3 appar-
ently 4 resull of finite system size, But the g:u.lell
discrepancy occurs in the early part of the transient,
where the lsing modet rates are much larger than
those of the PNG model,

The multilevel transient is shown in fig. 4. The
Ising model data are macked by the square symb?l:.
The PNG MC data are also plotted (as crosses) using
the same scale factor as in fig. 3. The best fit occurs
during the initial rise, since this is the region where
the first layer, which was used to obtain the scale
factor, dominatex the deposition process, The Mact
that the PNG model predicis a larger rate at the

later times may indicate thai a higher density of steps _

{or 'clhs'lﬁeirv;dige;f is achieved. Certginly the sl?ps
may be arbitrarity close together without interacting
with one another. This is possible since the edges are
mathematical lines in the PNG model, whereas they
occupy at least one lattice spacing in the Isling model.
Furthermore, adjacent steps of the same sign tend fo
repel one nother in the Ising model as a result f:!' 2
tendency toward irregular step edge configurations
and the sbility of the step to wander back and
fourth with statistical fluctuations [26]. This u?ul-
sion would tend to inhibit the formation of regions
of high step density in this model, whereas the PNG

model has no such effect. 1
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Fig. 4. The wial deposition rale R/t® 1 plotted vepsus
t‘r.' Squares correspond 1o the Iing mode) dam, and cnmc.l
1o the scated PNG data (see text). Here pp = 0,25 and pan
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In or_;;r 1o test E:;nsitivily of the growth tnn‘; ]
sient to the roughening transition, we have pHI’Dn:;C ‘
calcul:llons‘ at two different (empemurcsd rlnear ::.
kT/$ = 0.50, and kT/¢ = 062. The secon berr:“]peon
ture is equal 1o 8 ml:ent estimate of Tr bas

ive MC data [29]. .
eﬂ;l:; transients for kT/¢ =0.50 ate shown mRﬁg'.nSd.
The square symbols give the multilevel rate , ;iMd
the lrianglei indicate the rate in2 sy:_;lem cnnws“: e
to one layer, Qualitatively, the transient yod e
fave much the same form as those cal.culate tl e
this temperature in the preoedipg u:'::oi:l.ql‘l‘\inuad“p
rature the fust mimimu uite .
l:!:\:ﬂthl: "::plilude of the subsequent oscnlll-h;r;ll:
significantly larger. The delving lorce fAp ! .‘ouc
lig. 5 results in approximately the fame “{ 2p
growth tate us previously obtained with fap —im_!“d“
The equilibrium surface al kTfé = 05 e

numerous clusters of adatoms, some t:m:_cm:e .

© twenly to thirty atoms. When the driving ! )




applied, many of these clusters are already laiger than
the critical nucleus, and readily expand. These clus-
" ters sccount for the rather large growth raie at the

* ifist minimum. Al the lower temperature investi-

gated in the previous section, 2 few individual
adatoms weie present in equilibrium, but there were

_ very {ew clusters large enough 10 be stable in the pres-

“ence of the driving force, In that case the growth rate
remained very small unti) a few clusters nucleated
and grew to a significand size,

Giowth transients at the estimated roughening
temperature are illustrated in fig. 6. A lower driving
force, flap =0.2 was chosen to give approximately
the same growth rale as in the previous examples.
The multi-level sate (square symbols) approaches
the constant asymptolic rate in a very short time,
after only & fraction of a monolayer has been depos-
ited. Apparently the only time-dependent effect is
‘an initial surge in the concentration of adatoms and
small clusters, and these produce the rapid decay
from & barge initial rate just afier the driving force is
applied. The tansient in a system restricted to a
monolayer (triangles) is aiso appreciably different
from the cusves measured below T, In this case
a monotonic decrease in the growth rate is observed,

; It is apparent from (hese resulis thal the process of

growth has little relation to the degree of completion
“of the various fayers of the erystal. This is in accord
with our picture of the interface above Tr, where
large clusters cause the intetface to fluctuate in the
vertical disection with no barsier to its motion from
one level to the next.
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CHAPTER TL

GAS - SURFACE INTERACTIONS




INTRoDUCLTLON

Historically, atomistic theories® of crystal growth on
an atomically perfect surface are based upon model
considerations of an elemental solid grown {rom atom-
ic vapor, and have served well to expose the relative
role of surface migration and evaporation kinetics in
establishing the widely used concepts of nucleation
and conlinuous-growth mechanisms of growth intlia-
tion.!'7 A majority of vapor-phase crysial growth, such

as molecular-beam epitaxy’ (MBE) of III-V com-

pounds, however, involves at least one species in
molecular form leading 1o surface molecular reactions
a5 integral kineuc sieps during growith—a feature
whose signilicance for the growih-initiation mecha-
nism and 1he nature of the nonequilibrium surface has
nol been previously examined. Siudies of the kinetics
of [100] MBE growth of GaAs have established®* that
under the As-stabilized surface-growth conditions nor-
mally employed, (a} the cryswal growth rate is con-
trolled by the group-HT {i.e., Ga) Nux whose incor-
poration rate is unity and (b) the growth is kineticaily
controlled by the adsorption kinetics of the molecuiar
group-V species. The atomistic natuce of the MBE
growth-initiation mechanism has not been experimen-
tally established even though assertions abound that it
is the twa-dimensional nuclestion mechanism. Histor-
ically, the term nucleation mechanism of growth initia-
tion has been used to refer 1o a process in which
diffusion-imited formation of clusters stable against
breakup \o the pareat phase is 2 necessary requirement
for the growth 1o occur. In the literature of vapor-
phase crysial growth, the parent phasc has convention-
ally been taken to be the vapor. The unity incorpora-
tion tate of the growth-rate—controlling group-I1§
atoms under the usual conditions employed thus indi-
cates that this conventional view of a nucleation pro-
cess from the vapor is not operative in MBE. In an ef-
fort 1o shed light on what atomistic processes might be
nvolved, and under what kinetic conditions, here we
aresent some results of the first Monte Carlo (MC)

computer simulations based upon a_model which ac- -

counts for {a) and (b) above and examines the role of
the surface molecular-reactiont kin~ti~s in influencing
the growth process. It is found ¢ I a4 1 a more gen-
eral growth process, referred to here as a configura-
tion-dependent, reactive-incorporation (CDRI) growth
process, which salso includes the conventional nu-
cleation or conlinuous-growth mechanisms as special
cases, reatized under appropriate kinetic conditions. |
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. nisms for the interaction of As,

As, molecules

temperature regime 300°K to 450°K

In the absence of a Ga adaiom population, there was no measurable sticking coef. .
ficieni of As, on {100} oriented GaAs substrates, i.c. there was no [requency inde-

that the sticking coefficient of Ga in this temperature range was uniy and indepen-
dent of surface composition were also confirmed. When 2 modulated As, beamar |
an unmodulated Ga beam impinged simultaneously on 2 subsirate, a temperature ce-
pendent sticking coefficient of As, (SM‘) was meas_n_xreﬂ. appmaching unity at the
fowe: tempetatures, asshown infig. 2.~ 77 -

pendent attenuation of the signal from desorbed As, . Previous observations 1.2 i

0
s
o O5F
Jge-6Bx 107 groms em-s!
Jag, 3 0210 mat cm®y?!
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T, (K}

F;?._' Sticking coefficient ol Als-. u-n EIOO} GaAs m the prescnce of 2 Ga beam, a1 & function J(,

Temperature betow 450 KJ

ndicate that there are two basically different mecha-
‘and Ga on GaAs surfaces, one below ~ 450 K, and
one above. The behaviour in the low temperature region would seem to correspond
1o simple non-dissociative chemisorption of As, molecules anto Ga atoms on the i
surface of GaAs, via a precursor state. In the absence of sutface Ga ztoms only phyyi-
shiption occurs. The évidence for chis hay be summa(iqu_a_s_.{glh_ws;’

1.1 AlldEsoibed As, molecules have completely thermally accommodated with the_;
orabie sutface bletime with an activation cnergy for ds°

1n general terms the results i

sm?uor_l 0.38 cy) which 3 commer

et
suriace, and thers is a measuralrie sdrface .
surate with desorption from a weakly tg(lt!nd.__
Tecuriat S'ut_é'. In the presence of 4 Ga adatom population, v{here the ?.“F".'.'_lﬁ.f,?ﬁf;
ficient t‘br]\sar becomes non-zera, the desorption englgy_obulned from lifetime mea-

. § of Gy thE 7 ponential lacto
SITETIERLT remains The same as when - zerg._gn]yylh?pte-exponm 1

-dangey ThE Trplies that desorption always oceurs from the same binding satef

P : .
j der kinetics! .

ii} All As, desorplion processes {ollow first or - ]

:iii))-‘l'he }\‘s:;llchn; coefFicient in the presence of surface Ga atoms tends lo uniryf .

andTncreases with decrezsing temperature. . o
(iv)'Examinatlon of desorbed species shows no evui“e_nc-e (.:nl_'_t_hgn)c}auon.. B




The tegion 450600 K

Over this range S, was always unily, in accordance with previous expenments
[1.2] and the susface hietime of As-was too short 10 measure, i.e. <5 x 10°% secr
In = absence of a sui [a0¢ Cancentiation of Ga, 5,,, was zer0, but by impinging an
uninodulated Ga beam with the modulaied As, beam the results shown in fig. 3 were
obtaned. From this it 1s clear that SM. assumes 2 {imie value in the presence of a
Ga beam, but that 1t is independent of temperature over the whoie range. The direc-

tion of temperature change during the course of an expenment in which fluxes of

As, and Ga were kept constant did ot affect the results, and the reproducibility was
alsa much better than in the lower temperalure region.

Although S, 15 lemperature independent, fig. 3 also shows that there is a sirong
dependence on the Mux of Ga stoms, /¢, 1o the surface. The resulls ace ploried in
fig. 4 to indiczle the form of this dependence, together with additional data pownts
obtained by varywng the Ga fux at 1wo fixed substraie temperatures (455 and 575
K), shawing that the method of performing the experiment (i.e. varywg either /o
ar Ts) did not affect the result. B

In addition 10 the temperature independence of S, , three other factors emerging
fram these results need 1o be emphasised. The fust is that under no conditions did i
SM. exceed 0.5, even when the Ga Mux far exceeded the As, flux. This is 10 be con-.
wasted 10 1he behaviour below 450 K, where S, _ tended o unny. ‘

Jay, "4 32 W0¥ mol cmis
Arrows on lines wnaicats direstion of

‘o6 temperature change .

Jaa® T Bx O atoms cmis i
I N -
bl aa []
aab e 7 na l
Fi | Jger b 3x10' otoms cme2y!
“" Jgq" 12x 107 atoms cm-3%
ozr a . !

a
Jga® 43010 gtoms cm-¥y!

[s] 1. A A el
400 450 %00 ) 800
TalK)

. cking coetficent of At oa (00} CaAtasa fupction of temperature batween 450 K
- Mad 600 K fo¢ various En_gn I'Imuq
ot

e
-

The linai stage is Lo attempt 1o deduce 3 mechanism for Ihe interaction of Asg and
Ga on {100} GaAs surfaces at temperatures > 450 K from the kinetic esults "".““"d
in sestion 3. In constiucting any model several important fagtors must be taken inwo
account: T . o ey
(i) Th ¢ sticking, coefficient o Al ia abways < 0.5, urespective of the Ga flux, ang
As, adsarpuion is ron-actvated (5 5, # AT L _ L

Y When thece i an excess of arsemc, cach Ga atom suppiied consumes one As a10Mm.
L——»____._.——-—-——_._—- A ——

W) Any Ga suppiicd which i in £xces af that pmducmg_ the maximum value of 0._5[
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Tha fact that there 13 a region where desorption kinetics are second order and tha
Sas, never exceeds 0.5 implies that chemisorption 1nust he dissociative. with a pair-
wise, rather than a ungie As, molecule interaction with Ga sites,

As (vapour) -+ As, (precursor)

As, + As, — As, + As, + As,(vapour)

As, molecuie

The first series of experimenis was concerned with determining the nature and
relative intensities of species desorbing {rom the {100} oriented GaAs substrate 25 2
function of its temperature, for an incident Asy flux, but without 2 separate Ga 7
peam. The measurements Were made by examining the tesponse of the mass }
spectrumeter while modulating the desorption flux, with an unmodulal.ed ASy 1nci i
deat intensity of 102 molecules cm=? 5= %, The results are dlustrated in fig. 2, 1he
most important leature being that below ~600 K an assaciation feaction occurs, |
wilh the formation of Ass. There is & consequenl decrease in the desorpuon rate af
Asy helow 600 K, while at higher temperatutes it remains consup!. The decrc.ase n
the As4 desorption rate below ~450 K is probably associated with the non-dissoci-
ative chemisorplion of Ase, which 1 formed on the surface, on 10 those Ga atoms

Ly, =107 mol T 87

which arrive wilh e mordent Asy bearmn. This type of chemisurption is preisely
the same as that observed [9] when beams of Asg and Ga ate <hrectly incident in
this temperature region, with the Asy sticking coellivient approaching unity at
~ 100 ¥ if there is a sulTicienily high Ga adaton pupulanon.

The sticking coeflicient of As; was also measured at 3 substrate temperature of
600 K in the prsence of an icident flux of Ga. As explained above, both the as-
sociation reaction and the rate of formation of 2 Ga adatom population by evapora-
tion of As; are negligible at this iemperature, and this therefore corresponds to the
least complex interaction behaviour. The results are shown in fig. 5, the impottant
point being that S,,, tends to unily, compazed 1o the asymplotic value of 0.5 for
Asq under simdar conditions |9]. For comparatively tow Ga Ruxes, S, is also
directly proportional to the Ga flux, and within experimental accuracy each Ga
atom supplied interacts wilh one As alom (lor low Ga iluxed). At higher Nuxes, the
excess Ga probably accumulates on the surface.

T, 600K
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.Fig. % Siicking coelficient of Asy on & [Wﬂ} GaAy sutface at 600 K a3 a function of the Ga’
Mux.

Having proposed this qualitative description, the next sage is to attempl 1o

model the reaction sequence so that we can predicl the phase and amplitude
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behaviour of the measured signal in terms of surface processes. It will be convenieni
10 lreat separately the reaclion sequences above and below 600 K. Consider lirst
the high temperature case, where the experimental result is an stienuation of the
Asy signal with respect 1o 2 modulated incident Asy flux, independent of [requency
over a wide range. The basic reaction steps can be represented by eqs. (1}:

+ Ga atom pair

Tasy L] } !
— Asy(p} (As * AsXe) ¢ |
Lok ' i (1)
Asy(¥) H:
£, "

The nomenclature used in these equations is as follaws: Ju,, is the incident As;

“Fux, (p) 1epresents a precursor state on the surface, () a chemisosbed state and (v)

a vapuur phase state. The terms k; are rate constants [os the various re:clions.[



We can now consider reaction sequences which occur on the surface below 600
K, whese the bauc sleps are represenied by eqs. (9) below:

Al
Jan ti, o
- A5{p) ©)

ky | rAn®
ks
Asg(v) — Asq(s)

All symbols have Lhe same meaning as belore, and in addition (s) refers 1o a surface:
mobecule. .

ATOMISTIC MODEL. INPUT RATE PARAMETERS AND COMPUTATIONAL
CONSIDERATIONS:

(W.A) The Generic Model:

Employing the kinetic studies of Arthur'”1? gnd of Foxon and Joyca?t?? as a
guideline, Singh and Madhukar began the first efforts>¥ at constructing an atomistic
model which may serve 85 a starting point towards computer simuiations of MBE growth.
The presant status of the lavel of atomistc dntail incjuded in the modais themsalves, as
yurell as the degree of numcrlcai sophisjication of the simulation 'procass have both
evolveds 153032 rapidly and considerably trom thess sarly beginnings. This section
presents the assential features of th; atomistic model via tha axample of GaAs growth on

As-stabilized GaAs{100) surfaca. The relevance of all the essential faatures embodied to

other binary llll-v compounds grown on a lattice matched substrate wili ba salf evident.

The first feature of the modals is that they consider an ideal, unraconstructed.
. ;

GaAs{100) surface terminating with As atomic plane and rapreaentad by an (NXN) square

jattice of sites (ij). The size N has baen taken to be from 30 to 100 depending upon the

particular issue 1o be examined. Similarly, the th}éknoss of the layer grown in the
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simulations has varied from a few atomic layers to up to 30 atomic layers. We postpone
. . ) . o The third feature of the models is that they account for the group V species being

a discussion of the choice of substrate size and the obvigus related Issue of reliability
initially in a weakly adsorbed As; state, This is the appropriate starting point when an

and accuracy of the simulations to section W(C). Note that the absence of an axplicit
) ) As, vapour flux is employed, as discussed in the previous section. When an As, vapour

presance of surface reconstruction sutomatically implies that the energetics and kinetic
flux is employed, this would be an appropriate starting point only for growth conditions

processes associated with un-reconstructing the surface locally around the site where 2
. ) far which genaration of the As; spacies from the As, vapour is not the rate limiting step

Ga or As atom is eventuaily epitaxially incorporated Is not explicitty a part of the
. ) in growth. For the usual growth conditions empioyed in MBE of GaAs, this has also been
simulations carried out to date. Some of the associated effects. however, may be H
) ‘l seen in the preceding section to be the likely case. The surface population of the As;
implicitly understood to be included in the choice of particular kinetic rates, as wiil be :
5 species during growth (denoted by N“;) is a function of tha su+.— -~ -=mperature, Ga
flux, and As, (or As,) flux through the behaviour of the sticking coetficisnt of As, {or As,).

1

saen.
The second basic feature of the model is that the interactions amongst and 4 )
In the case of As,, the surface migration of the Intermediate As [c) species postulated by

betwasn the group lll and group V atoms (hersafter referrad to as cations (C) and anions : . )
Foxon and Joyce, as well as the reaction rate cinstant, KN‘(c), will naturalty also

{A), respectivaly} are effactively thought of 3s bein short ranged and represanted through .
v o a ¢ 9 4 ’ influence the steady stata As, poputation. In aither case. the models lurther assuma

phenomenolagical interaction energies, V v and V for the unlike nearest .
g 9183, Yacr Ve A-A growth conditions such that availability of the As, surfzce species is not the rate limiting -

neighbors and like naarest neighbors. The tetrshedral natura of the -V semiconductor is step

explicitty accounted for so that the interaction terms retained correspond to the nearest
The ‘fcmrtl';| important consideration of the modsls Is In fact tha first encounter with

’
and second nearest neighbor interactions of the compound semiconductor. Thus V, .

atomistic detall. This has to do with the Ga atom configurations of primary significance

represents the interaction energy far the sp? hybrids of Ga and As bonding with each :
to the dissociative chemisorption resction pathways available to the As; spacia. f

other. "“The total bonding energy of & given cation Is thus (n.V,_.+ mV, -c' where n and
"“The dissociative chemisorption reaction of As; from
. precursar physisorbed staie, As;, has been suggest-

ed? 10 require two unfilled As sites on the surface,

althogh the specific nature of these sites could not be -

m represent the number of cation-snion nearest neighbor bonds and cation-cation

sacond nearest neighbor bonds formed 3t the instant of time of interest For n=4 and

. . ) established. We thus consider the lowest-order Ga aAsn "'; A e “5. . A ’ﬂs.

m=12 the atom is assumed to be tully coordinated. The corresponding total bonding configurations capable of providing a pair of adjacent 2 Go” ' M2 Ga Ga
unfilled As sites. These are a single Ga, two adjacent ' et Ay « A as

energy is assumed to ba nearly the same as the heat of formation of the solid. Ga atoms slong the bond orbital direction, three con- 2 == 60" “Go~ \G,’
secutive Ga atoms along the bond orbital direction, R

Approximata as it may be, this prescription provides a guide line for choosing V, o V,_ and four Ga atoms in the surface nearest-neighbor e P oo e’

: A-Ct TA-A square configuration (Fig. 1). We denote the kinetic Ay, —> G;n\ o:
and V. . as wall as, for scaling these interactions from one compound to another, rates for Asj dissociative incorporation via these reac- . Go Go
. tion pathways as R,, i = |-4, respectivcly. The stomic I

Ga is atlowed 1o bind with single or two adjacent As
a1oms with a sticking probability of unity, thus creating
a single Ga— As or a double Ga—As bond.

including lattice matched pseudobinary alloys of the type H-n-v {eg. Al Ga, As on -

GaAs).
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In addition to the intra-planar Ga atom contigurations, canfigurations involving Ga
atoms in twa different (100} pianes, such as would occur at steps, can als¢ provide sites
for As; dissociative reaction. A few such configurations areé shown in fig. 4-2. Besides
the nearast intarpianar Ga neighbor configurations, oné may also have canfigurations
involving higher nearest neighbars of the tetrahedral structuré. This may suggest that the
rate constants for reactions occuring at such steps may be lower than the ather inter=
and intra-planar configurations. On tha other hand, the high asymmetry of the charge
distributions at the steps may give rise to potential energy surfaces such that the
activation energy for the reaction rates along certain directions in the frea energy-
configuration coordinate diagrams may, in fact, be lower in spité of the larger saparation

of the interplanar Ga atoms. No information on such mattars is presently available.

In appreciating the ralevance of the intra and inter planar Ga configurations and
their associsted rate constants, lt.(T]. for the !dlssociativo chamisorption reaction of As;.
two equally important additional kinetic aspects must be clearly recognized.'37%3 The
first is the steady state population of As; at the surface which depends upon the chosen
As, or As, vapoﬁr flux, the Ga vapour fiux and the substrate temperature through the As,
lor As ) adsorption and As‘z desorption kinetics. Let us denote such a steady state
population by NM; (T, PA... Fg) The second is the pr-obabiliw, P, of occurrence of the
i’ Ga atom intra or interplanar configuration. Under the usudl GaAs growth conditions

the sticking coafficiant of Ga is unity. The probabilities P, are thus a fur.ction of time

. through both, the arrival rate of Ga {the Ga flux, F; ) and the surface migration rates,

h,4(T), for the Ga atoms in the 'M chemical bonding state. We discuss the migration
rates later in this section. but for the moment let us denota the probabilities by Pt
{hg(M], Fg,). Then, the quantity of interest to the growth of the GaAs solid phase being
the Incorporation rate of Ga and As from the vapoul;. It.ls readily realized that the

lattat is achieved through the collective role of each of the different Ga configurations at
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rates given by the product,

Nasj rT.F“..FG_}-Kim.P,(t.{hurr)}.FG,) vy
Several important features of the growth process are revesied by expression (IV.1). First,
it is seen that the relative significance of the various Ga atom contigurations changes
with time during the growth of a given layer due to the time depandent change in the
P’s. Second, an explicit As, or As, vapour prassurd dependence is seen to entar'*'S
through NM;. Third. an implicit depsndence on th.. local nnvirnnmoht dependent Ga
hopping rates {both intra and interlayer), {hum}. is sean to be present. Equally important,
to the extent that tha time evolution of P, depends, at last in the initial states of growth
of a given Ga layer. on the hopping rates hy(t) where g represants the chemical bonding
states for the Ga atoms, and 10 the extent that a change in the bonding state of a given

Ga is aftected by expression (IV.1) defining the incorporation of the As atoms, the life

time of the Ga atoms in the i'" configuration is itself influenced by K(T} and N“;. Since

it is always the product of s kinetic rate and the time that it is operative that is of -

physical significance, it is alsa recognized that thd “effective” migration ability'4'5 ot the
Ga atoms is itseif depel;dent upon the reaction raté constants K,(T) as well as the As,lor
As,) vepour pressure through the staady state populatioﬁ. Nu; .' Thus a significant
arsenic pressure dependence'®'® of the growth process and surface marphology can be

expected under many growth conditions (i.e. thoice of T  and FG.).

The relevant time scale for the operation of a given kinetic process, such as the
surface migration rates ham, is seen to be tha life time T which is dependent upon the
Ga flux, the reaction rate constant qu and, of course, N“;. Thus we may recognize T,

to be a function of these thres guantities by writing it as ‘ﬁ (o ‘.K‘-lm,ﬁc.). Assul:nlng

the average surface residence tima of the Ga atoms to be longer than T, {tor otherwise .

growth of the solid would be most unlikely), the effactive distance, L4, moved by the Ga

atom in state a is of order {ng(M. Ty)'2 In units o the nesrsst surface neighbor

o
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distance.” The overail range sampied by the atom prior to its incorporation is then some
appropriate average of L, over all o. Let us denote it by L, ~<ly thaMty
(Pu.,Kam,FG.))"z:-. One seas that the effective migration length is a function of the
three user controlled growth parameters - T, P“‘ and F_. Thus, for 2 given choice of
these parameters, £, may or may not be grester than W _, the average terrace width ot
the starting substrata. For growth conditions such that £, < W, the growth Initiation
process would involve pradominantty addition of material on the terraces as has been
discussed in section |l. The atomistic mechanism of growth initiation, however, need not
be the conventional nucleation and growth mechanism of sectian Il, as will ba seen in the
tollowing. Naote that within the simulation model, choice of an {NXN)} substrate with no
steps in it is equivalant to restricting the simulations to growth on the terraces of a real

substrate, ke, |, < W, Perlodic boundary conditions on the (NXN) substrata are

employed to avoid edge effects and the convergence of the results tasted against the

size N. - . o

The oxprefslon {Iv.1) representing the incorporation rate of arsenic also reveals the
significant role that the .Iu; raaction rate constants K;m can play in governing the
atomistic nature of the MBE growth n.\echanisms. The possibility that the reaction rate
constants K(T) may become the rate limiting stt;p for arsenic incorporation under certain
growth conditions Is seif svident. There is no analogue o_f this behaviour in the historical

atomistic models and computer simulations summarized in section Il Thus even though

the time averaged growth rate of GaAs may be controlled by the arrival rate of the

Ga under a sufficient population of As; , the fime dependent growth rate can be
controlled by the reactive incorporation kinetics of the As, molecules. consistent with the
unetic studies of Arthur summarized in section . Ghaisas and Madhukar {GM) have thus
termed!"131% such a generic growth process a Configuration Dependent Reactive

Incorporation (CDRY} process. At one extreme of the CDRI process is the time dependent

Madhukar & Ghaisas

growth rate behaviot controlled by the As; dissociative incorporation rates. GM have

shown!!14

this to be a possibility a3nd called such growth machanism the Reaction
Limited Incorporation (RLI) growth tmschanism. On the oppasita extreme is also the
possibility that the incorporation kinetics of the arsenic is limited by the Ga configuration
probabilities, P, and not either by NA,; or by the reaction rate constants, K(T). Growth
conditions giving rise to such 8 situation have also been examined by GM and has baen
referred 0 as the (Configuration Limited Reactive Incorporation ({CLRI} growth

mechanism.'1-14

The preceding discussion of the Ga-configuration degendent reactive incorporation
of arsenic and its possible consequences expacted 10 manifest themselves as the naw ALl
and CLRI growth mechanisms Is relevant to the regime of a unity sticking coefficient of
Ga (Sg,). Recail that the operational definition of S, being used in this review is the
same as the incorporation rate of Ga. The situstion considered hitherto thus corresponds
to an effectively negugit‘m Ga evaporation rate. The atomistic CORI model of Ghaisas and
Madhukar, however, is not limited to near zero evaporation rate of Ga atoms and is fully

,
capable of describi'ng the growth process under conditions where the Ga evaporation rate
may become significant. Under such conditions the incorporation rate of Ga from the
vapour phase into the GaAs solid phase would be less than unity. The' growth
mechanism should then become very similar to, if not the same as, the conventional

notion of nucleation and growth mechanism of growth Initiation on flat terraces discussed

in section . Let us therefore examine the natura of the Ga evaporation process.

As should be clear by now, the MBE growth prdcess of lIlI-V semiconductors occurs
under very far from thermodynamic equlibrium conditions. Consequantly, it is the
individual desorption rates of the Ga atom from its various bonding configurations which
need to be explicitly considered in' the atomistic simulations. Approximations such as

inherent in the Wilson-Frenkel description of section |l which approximates the effective

,i
=
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evaporation rata of atoms during growth to be that from the kink sites at lnermodvnqmic
equilibrium, though emplayed'? by Singh and Bajaj. have littie chance of being valid even
at the high temparatures whers, for elemental soligs, it may bhe a reasonabile
approximation. Similarly, mean field type of approximations. such as inherent in the
Temkin theory of saction il are of no value. The compound Rature of the -V
semiconductors involves a dependenca of the svaporation behaviour of one 5pecie on
that of the other, particularly under the far from equilibrium conditions operative in MBE.
Even the usual notion of the congruent temperature (Tg) is not applicable to a free
compound solid surface at vapour pressures significantly far from equilibnum, even
though Tg is a useful reference point for guiding one's thinking. In the atomistic
mode' 15 of Ghaisas and Madhukar, neither are such approximations made nor are they

necessary. The only assumptions made are, (i) that tharmodynamic equilibrium exists

betwean the desorbing atom and its local environment on the solid so that it expariences

a tempaerature which i4 the same as the substrate tempaerature, and {ii) that an Arrhenius N

expression involving a focal bonding configuration dependent activation energy and
prefactor represents wall the desorption rate of the Ga atom from that iocal honding
configuration. With these assumptions, the local configuration dependent Ga evaporation

ratas are taken to be,

RL(T) = Rh exp (-Ej/kgT) v.2)

where i denotes the i configuration. The prefactors Rpg and the activation energies E
‘lor sach of these local configuration dependent desorption rates need to be ascenainad.
It is important to recognize that experimental information on overall evaporation rates can
at best be employed as a judicious guide 10 the expectad ranga of values for Rigg and E,
since it is the collactive consaquence of H‘E tor all |} whit;n is typically available in the
form of aevaporation rates. It is generaily thought reasonable to identity the activation

energy in a dasorption rate with the total binding snergy, E‘m ot the particla. This is,

|e
4
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however. trua at best when the desorption pracess occurs directly from the particular
state under consideration, without invoiving intermadiate states. For the group lll atoms
thus it would be reasonablé to assume that E; = E!'m. bug for the group V atoms tha
binding energy in the atomic chemisorbad phase is not the relevant activation energy
since desorption occufs from a molecular stats. The atomistic modets thus employ the
foliowing exprassion for the group 1l atom desorption rates:

AL = Roe %P (~Ero /g w3

Finally, we discuss the surface migration rates. In the preceding discussion, for
simplicity, we employed the short hand notation, hum. to denots the hopping rate from a

given chemical state. a. Hero we discuss the naturs of these rates in some detail.

Just as for the adsorption rates, reaction rates and desorption rates, it may further
be reasanable to assume equilibrium betwesn the lnlti-ll snd final configuration with an
activated state involved In the migration process. The absolute rate theory would then,
once again, suggest that an Arrhenius form for tha surface migration rates would be a

!

reasonable expectation. As such, the jump rates may be writien as,

rs

hTS (T) = h,qexp(-Eg q.(m.n}/kgT) {v.4)
where (a.m) reprasants tha initial state (a} and sits {m) and (a’n) the tinal state (a) and
site {n) 1o which tha jump Is mads.. Within the absolute rats theory appraximation, the
prefactor would depend only upon the Initial configuration. The sctivation energy,
h‘o-wever. can depend significantly upon both the initial nnd.ﬂnal f:nnfiguratiun. the
separation betwaen the sitas, and the diraction of the Jump. It Is the precise natura of
the potential energy surface as a function of the “configuration coordinates® betwean the

initial and final states (tha term state here representing both chemical state and

canfiguration) which will determiné the behavior of the activation anergies involved.

|V'|
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The nearest intra and inter planar Ga neighbor hopping rates at the surface have
been taken to be of an Arrhenius form and parameterised as, h

WM = nb oexp (-(ETt -l A T}

UM e onl exp (~ET -a! 1A, T] (v.s)
where i denotes the configuration from which the hop is made. I! and | denote intra and
interplanar hop, hl). and hl, are the corresponding prefactors, E7* s the tatal hinding
anergy {within the second bulk nearest neighbot spproximation inherent in the model} of

the Ga atom in the ™ configuration. and A! and A! are parsmeters which may be

adjusted to defina the comesponding activation snergles as (E?"'t -A!' ) and (Eir"' -A:).

Vo the extent that it is the incorporation rate (and not the reaction rate alone) which aenters
the crystal growth process, we may model the absolute and relative behavior of the
products of Nhéu and K(T). Denoting these products as R, we then racognize that these
rates are a function of both temparature and group V pressure: R, = R, (T.P“‘). Ghaisas.

and Madhukar take this approach and spacify R, t A 1, in tarms of R, which itself is then

variad as ] |,uiri|lt‘|eter.“"'s

v

SiMULATIOH

In tha work of Ghaisas and Madhukar, the time of occurrence of a particular kinetic

event for a given particle is determined via,

T - - :—‘ n Z i {Iv.8)
where R is the corresponding rate parameter and Z a random numbar. Tha random
number Z is taken to be distributed, with a uniform probability, between 0 and 1.
Expression {IV.8) thus defines a Poisson distribution of the time, with a mean vsiue given
by the inversa of thae rate. The simulation process than begins with the arrival of a given
group Ul atom at a site (Lj) chosen randomiy with aqual probability for all sites in the
chasen {NXN) As~—stabilized (but unraconstructed) surface. The time intnnn;l of arrival ot
the subsequent group Il atom from the vapour can also be determined according to a
suitable distribution with an average time interval equal to the inverse of the chosen flux
Upon arrival of the first group Il stom, the timas for each possible kinatic svent for the
particle (such es hopping, reaction, evaporation) are calculated and ordered acr.;ordlng to

increasing magnitude. Events, starting with the one with the shortest time intervai are

allowed to oocur until the time for occurence of the next kinetic avent exceeds the time

for arrival of the next group thrase atom. Then the next group Il atom is allowed to
impinge at a site chosen randomly according to the previousty notsd prescription and
including the site(s)r occupled by mo.praviouslv arrivad atom(s). If the srival of a group
Il atom is within a spatlel renge which Influences any of the praviously arrived atoms,
than their time clocks for each dl' the possible kinstic svents are resat according to the
new applicable rates, and the time of accurence of events for all the particles reardered
to begin from the shortest to the longest time Interval less than the time of arrival of the
next group lll atom. Thae same Is, of course. true if between the arrival from the vapour
of subsequent group l! atom, the occurrence of a given surface kinetic event {such as
hopping, for exampie) for a given atom influences the rates of ather kinetic avents of

either the same atom, or tha kinetic rates of other atoms.




with regard to Ga migration, 58 improved the simulato

a limitad degree of interlayer Ga migraton from sites

v —

tor GaAs{100) homoapitaxy for two case

and inter—iayef hopping rate siowar than

rspuned'“ tor two different subsirate temperatures, 700°% and 810°K, which shed light on

the role aof interiayar rmigration a

Singh and Madhukar in respect to the kinetic roughening phsnomenon.
roughening of the growth front profile with incraasing subst
the presence of tha interiayar migration. The
work of S8 reported in references {10) and
axamine the nature of the interfaces tormad during hetaroepitaxy of

GaAs(100) - the so called narmal intertace - and of GaAs on Al Ga,_,

inverted intertace.
|
Al simumiohs'tiav: b_cr.n czmed
out on Substrates of sizes up 1o 50% 50 with periodic

boundary conditions 10 avoid cdge effects and to test !

2gaINSL convergence, and averaged over ten indepen-
dent random number seis io obtain accuracy of * 3‘!@.
. The thickness of the film grown is up o 21 nlprmc
" layers. The Ga Nux g.rpployed is equivalent to delivery
~of T.1 monclayer/sec. The subsiraie lemperalure is
chosen 1o be §75°C. The inleraclion energies for the
nearest-neighbor Ga-As and sccond-nearesl-ncighbor
Ga-Ga interactions are chosen 10 be 0.7 and 0.1 eV,
respectivaly, which give rise to a lotal Ga—As bond

use of tha parameters 4, and &, occurnng in equ

intra-layer hopping rate.

16
n model by wncorporating?

Through the

. e . n
n (IV.5), these authors obtained results

s — equai intra- and intar-layer Ga hopping rates.

Resuits were

nd heiped clarify the deficiency in tha initial rasuits’? of

In particular, no
rate temperature was found in

predominant motivation and thrust ot this

{12). howaever, appears to ba the desira 10

N_Ga,_‘As on

As, the so called

encrgy  consistent with the heat formation. All the
Kinetic rates are taken 10 have the Arrhenius form.
the Kinetic rales are taken (o bhave the Arrhenws form.
The activation energy for hopping of the Ga is defined
as the 1otal of Ga-As and Ga-Ga interaclion energies
munus 3 parameter & which is varied Lo cover the ¢x-
pected range of Ga surface diffusion. The hopping
raies for the singly and doubly bonded Ga are
hy=6614/sec and hy=1690/sec, respectively, which
cotrespond 10 equivalent diffusion lengihs ol about
155 and 115 A—values consistent with the only report-
ed" anempt to determine Ga diffusion constan under
As-stabilized conditions at 530°C, but in the absence
of growth. During growth, the effective migration dis-
1ance (i) of Ga will be significantly less and. lor the
results presented here, is significantly less than the
matrix size which models the icrrace width of a real

_surface (i.c., the operational definition of an atomicai-

ly perfect surface). We present results for two seis of
values for the As; incorporation rates R, and R;—ihe
first for R, = 10/sec and R, =20/sec, and the second
R, = 1000/sec and R;= 2000/scc. In the latter case,
the inierlayer calion migraton raie is 1aken 10 be twice
as fast as in the former case. The rates Ry and R, arc
taken sufficiently high so that the reaction occurs with
essentially unit probability once the configuration has
occurred.

COVERAGE

COVERAGE
o
in
i

1.0 2.0 30 4.0 50 60
GROWTH TIME (IN UNITS OF rugl
FIG. . Coverage buildup in cach layer as a function of

crysial growth time measured in units of the Ga monolayer
delivery time (ryy =0.9/sec) for (a) slow and (b) fast reac-

tion rate (R,) at single Ga sites. The odd- (crosses} and I

even- (circles) numbcred curves indicate the Ga and As
layer coverages, respeclively.

In Fig. 1{a) is shown the coverage buildup as a func-
tion of growth time for the slow incorporation fales.
The a=odd layers are Ga whereas x = cven layers are
As. It is seen what of the first monolayer's (ML) worth
of Ga delivered (1) = 0.9/5¢¢), almost 35% goes into
the first layer and only about 5% into the next Ga
layer. This distribution for subsequent arrival of
monclayers of Ga changes somewhal before the
growth-front profile stabilizes, but still mainiaining a
layer-by-layer mode of malerial addition. Note that
the slow rates R, and R; make the As coverage lag
behind the immediately preceding Ga layer coverage
until the near completion of the layer. The growth
front is, however, As-stabilized throughout the
growth. In Fig. 1{b) is shown the coverage buildup for
the faster incorporation rates R, and R;. Note that
while the layer-by-layer mode of addition of material is
¢learly maintained, coverages of the As tayers are seen
10 lead 1he coverage of the preceding Ga layers. This .
is 2 consequence of the rapid incorporation rate R,
leading 1o attachment of essentially two As atoms for
cach Ga deposited at the initiation of a given layer.

A deeper insight inte the mechanism of growth is
provided by the growth rate behavior shown in Fig. 2.
The Ga auachment rate is constant at the employed
Ga Nux of 1.1 ML/sec for both slow and fast rates 'R
and R; The totai growth rate {i.e., Ga+ As incorpora-
1ion rate) measured in units of a bilayer, however, ex-

__hibirs oscillations in both cases, starting from very low
values in the former case {curve a) but very high
values in the latier (curve #). For slow rates R, and
R, ihe arsenic incoporation fate is low in Lhe inital
stages of growth since most of the Ga delivered are
mostly in single conliguration. Wilh subszquent con-
tinued arrivat of Ga atoms, two- and higher-Ga con- '
figurations begin 1o occur, both due 1o the effect of |
surface migration and increased coverage. Consc- °
quently the rates Ry, R, and R, take over, increasing ~
the incorporation raie of Asy;. As a given Ga layer
nears completion, even the rapid interlayer Ga migra-
tion cannot prevent the next higher Ga layer from be-
ing initiated, whence ihe process of As; incorporation
repeats itself, giving fise 1o the observed oscillatory
behavior. Such a growth-initiation process may be ap-
propriately referred 10 a3 a reaction-limited-incor-
poration (RLI) growth mechanism. For vaiucs of R,
high and comparabie 10 hy, as in curve b, the As incor-
poration rale can significantly exceed unity ai the carli-
est stages since for each Ga, essentially two As aloms
are incorporsted. Subsequently, however, the As in-
COrpC{aLion rate musl slow down since rapid_inlerlaverj
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FIG. 2. Ga attachment rate, towl growih rate, and
RHEED intensily behavior of Lthe specular beam, at the [irst
out-of -phase condition, Tor slow (curves a) and fast (curves
) reaction rate R} at single Ga sites. The focemer
represents the resction-limited—incorporation (RLI) growth
mechanism whereas the lstier, the configurstion-limited,
reactive- incorporation (CLRI) growth mechanism.

| v

Ga migration kinctics inhibils subsequently arriving
Ga atoms [rom providing the sites for altachment of
As on the next layer. Towards Lhe compietion of the
given Ga layer this is no longer the case and conse-
quently As incorporation rale picks up, only to repeat
the process. In such a case, since the group-V reaction
rates are not the rale-limiting step in the growth, bul
the unavailability of Lthe group-I1 atoms in an exposed
stale at the grawth front does slow down the arsenic
incorporation, it may be appropriate 1o refer 1¢ the
growth mechanism as configuration-limited, reactive-
incorporation (CLRI) growth. In either case. a
predominantly layer-by-layer mode of material addi-
tion is achieved, and the growth Process may generi-
cally be called a configuration-dependent, reactive-
incorporation (CDRI) growth process.

The consequences of the CORI growih process for
the morphology of the nonequilibrium {i.c., growing}
surface are many and varied, depending vpon the com-
petition among the molecular reaction rates and the
Ga surface migration kinetics, on the fundamenta
time scale set by the chosen Ga flux a1 a given arsenic
overpressure. For the kinetic rates employed in the
obtaining of the results of Fig. 1, no significant forma-
tion and breakup of clustess is found during growih.
For other combinations of the varicus kinctic rates,
the CDRI model can and does produce'® a growth pro-
cess involving diffusion-controlled significant forma-
tion and breakup of Ga clusters with the Gz atoms ei-
ther remaining on the surface or leaving for the vapor,
depending upon the effective evaporation rate. In ei-
ther case the diffusion-limited formation of (wo-
dimensional critical Ga nuclei becomes a necessary re-

. Guirement for As incorporation (o occur at low As,

reaction rates and/or pressure. Consequently, in ej-
ther of these two cases, the growth process mav he
called the historical 2D nucleation mechanism of
growth initiation if the notion is exiended to include
the need for critical nuclei of Ga atoms as being sulli-
cient rather than the formation of critical nuclei of
GaAs—the solid phase whose growth is under con-
sideration. A direct test of which regime of the CDRJ
growth process—ihe two reaction-kinetics-controited
regimes explicitly discussed in this paper, or the
diffusion-controlled 2D nucleation regime—is apphca-
ble under what growth conditions must await resulis of
experiments which can unambiguously probe the
dynamics of initial stages of cluster formalion and
breakup and the time-dependent growth rate.

GRowTH FRONT PRaFie

The CDRI model has demonstrated that under ¢
usuaj MBE growth conditions where the incorporatiof i
rglhg group-111 atoms is essentiaily wnity, the single most
rtant quantity controlling the srr_loo(hnm of the
wth front is the effective surface migration length ({¢) ol
group-ILI atoms on a lime scale of order of its average

& ol time interval (i.e., £, where Fyy i the flux), in
:;n;uon (0 the average lerrace width (W) of the starting

merate surface. When Wyl .. a layer-by-layer modg of

:,.cml addition occurs via a group-111 local configuration-
dependent reactive-incorporation process for the g_mup-V
golccular species and gives rise to theAdampod oscillatory
giture of the observed RHEED intensaty. For W«ig, the
wnving group-I] atoms are predominantly able to migrate
1o the caisting steps and as a cunsegnl.cpcle. grawth pro:chs
sz step propagation [rom the very initiation and the r:lntl_\;;
gistnbution of the surface step densaty dou.nol change wil
ame. No oscillations in the RHEED intensity sre then tphe
found. Indeed, the damped oscillatory nature of ic oscitla-
pons, when seen, 152 manifestation of {a) a starting surface
for which W > I ¢ at growth initiation, and (b_) ‘the approach
o (W) at the growth front lowards the condition (W'} sf,,
s the steady-state growth 3 rcachm_ﬂ. fvhem:e the oscilla-
uons are no longer cbserved. Thus, within the CDRI model
the steady-state and static surface behavior can I_aolh be e
amined and understood within the same u_ndcrly'mg atomus-
tic kinetic processes by simply recogmizing that [or.nfluc
surfaces the aroival ime interval of group-111 atoms is infi-
uite so that the £,y is such that atoms are _al:vfy! at _stcpedgu.

Y

T Gasg/iay tal

H P X A EPT — - — R 1.0 e

L Tasng 21 v/l

'+ [RL T,

9 OO D R T
Toat (sl 5

ape P, 42T T

r 0

P

n

L [T

TR AR W ST A w e W we
Tt taac)

SPECULAN SPOT INTLNSITY {Arhtiary Ui |

IR W SN VO TR N S 1

PR 1
Ty T W m MTW i w am ea W 3 6 % i@
TaE Loect

Fr0. 3. Bebavior of the specular beam intensity i the twofold direction |
during AlAs and GaAs growth on GeAs under sa As-stubalized (1% 4}
RHEED pattern. Thesubstrate tempersture is 630 °C nad the growih rate is t

_ The
resulting susface structural behavior of a binary
compound, and the chemical distribution as well
for a HI-11i-V alloy, has been shown 10 be sig-
nificantly dependent upon the chosen 7, Py, 7y
and alloy composiuon through the dependence of
{4 on the interplay of vanous atomistic kinetic
rates which themselves depend upon these user
controlled parameters [3~7]. The effective migra-
tion tength of 1he group 11 species may be viewed
as taking the form [4,7],

":n'(("..“:- Py) 2 lﬂ)-

in which A7(T,, Py) are the jump rates, at the
chosen T, and P, for the ath type of group I
atom bonded in different local chemical and
structural configurations denoted by J, and 77 is
the lifetime of such a state which, depending upon
the growth conditions, may be either the reaction
ume of group V molecule with the ath type of
group 111 atom in the rth configuration or a lime
of the order of the artival time of group 11 stoms
from the vapour (i.e. inversely related 10 group 111
Nux). For III-1L1-V alloys such as Al Ga,_ As,
the relative migration and group V molecular reac-
tion and desorption kinetics of the two group 11
atoms can lead to intrinsic asymmeiry in the
suuctural and chemical nature of the interfaces
formed upon deposition of AlGaAs on GaAs
{normal interface) and of GaAs on AlMGaAs (in-
veried interface) [6,7]. A varicty of variatuons on
the usual practices of MBE growth may, in pnnci-
ple, be employed to reduce this undesirable conse-
quence of the inherent difference in surface kinet-
ics. laterruption of growth {8,16], usage of two
different group V pressures each optimized for
one type of material {10,13}, puised heating, etc.
are & few such altermatives. Of these, the first is
now being increasingly explored {14,15,17-19]
since our initial studies [8,16). The CDRI model
based compuler simulations thus provide the
needed connection between the surface kinectic
__processes and the resulting nature of the surface.
e i il in i hich shows the dy-
This is illustrated in fig. 1 whucl
pamics of the Ga effective migration length (panel

al, the_ average lerrace width, OV {panel b), and |

n square fluctuation in the layer heighl, oy,
;::rv"::). S:; a2 function of time during GaAs(100)
homoepitaxy at the particular chosen growth con-
ditions. Curve (d) of fig. 1 shows '1 pauonvv:rl:lll'

- (W,){W,) /al defined to represent an
ieas(ur; ?:(l ||:4:) ‘:lr:rcluul smoothness of ll_:c growth
front. Finally, curve {€) shows the behavior ol.' tl'_le
RHEED specular beam intensity caleulated, within
a kinematical theory, at the first oul-of-phase con-

dition, qd =, where d is the distance between



adjacent As of adjacent Ga(100) planes and g the

cleciron momentum wransfer normal o the surface.

Noie that oscillations in the RHEED intensity

follow the behavior of the average lerrace width
' and the smoothness parameter, thus indicaung a

correlation between the dynamucs of the structural
. nature of the growth froni and the behavior of the
l RHEED intensity.

Fig. 1. Results of the CORL model based compuice simulaions
of GaAs(100) homoepiany, Carve (8} ihe Ga ellecuve ougra-
inlnmh(l,.}inend:hyermmnmn(uwm
Curve (b) the average lerTace width, (W), at the growlh rom, |
along the i ol e dengling bond "'Cum(:]‘

wean square flucivaton in the growil lroat profile. Curve (d)
\be smoothncas parameter § {sex iext). Curve () the RHEED
weculss bewm inseasly 81 the Bl out-of-phase dhiliraciion
condiion {iee text). Node ibe connecuon beiween the REEED
C ity d ; of ihe surface suruciural

and the d

¥ Y
Teatures.

Note the initial rapid 4roPp of the average terrace widths
T caused

by incorporation of Ga upon commencement of growth, followed by a damped oscillatory
- pehavior. The maxima and minima are nearly coincident with the time of integral and
half-integral Ga wmonolayer delivery ("m.o" respectively. Glven that for the growth
conditions chosen tha Ga sticking coefficient is unity, 1u-|.n is squivalent to the time of
growth of a manolaysr as well. Tha damping of the maxima in the average teérace width
(measured in units of the surface nearest neighbor distance) is an indication of tha

roughening of the growth lrant profile with continued growth )
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In Fig. 3 we present the temporal bebiavior of the speculal'

beam intensity at three different grow!

th temperatures fof,

three different growth mtes each, at the same As, pressur

the upper two
qures are near that corresponding o tl
intensity remains almost constant thr

pa_ne—l; of Fig. 3, when the substratc tempera-

he 1\, . the average
oughout the growth,

implying that the average surface step distribution stabilizes
quite rapidly under such conditions becauss of the favored
surface migration nesr congruent temperaturc. At lower
substrate empecatures the average intensity keeps decreas-
ing slowly, even though it starts at 2 higher value because of
the higher static state intensity. This indicates that although
the growth 18 initiated on a smoother (ie, the static) sur-

face. the subsizate (emperature is not

high enough to suffi-

ciently stimuiate the surface migraton and consequently the
powth front profile is degraded progressively. This degra-

dation occurs faster with decreasing substrate tempera-

ture.?
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tion. The dashed Loss represent the
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Molecuiar Reactions at Steps:

While the explicit inclusion of the As; incorporation rates in the computer
simuiations carried out by GM brought out the true essence of their praposed CDRI
growth process, the Ga configurations considered wera limited to the R, R, Ry and R,
intra=planar contigurations shown i_n fig. It Is. of course, entirgly likely that As;
incorporation occurs at configurations involving Ga atoms in different atomic planes (i.e.
at steps) with varying degree of significance. Thomsen and Madhukar (TM) have thus
investigated® the role of reactions at the steps in order to ascertan its significance.
They have also included several intraplanar Ga configurations involving 2 and 3 Ga atoms

but arranged in all possible geometric configurations

- - e e — e

In fig. (V.28). curve (a), we show the RHEED spscular beam dynamics obtained3? by
™ for comparatie. but low, As; incorporation rates at the intraplanar and step
configurations. Curve (b) corresponds to ignoring the step configurations and thus
provides a referance for estimating their quint;t;tw; Vsis-ﬁu:ﬂcance. tha t-he 'significa:r-mv
faster damping of the RHEED oscillations in curve (a), even though only about 10% of the
As; incorporation occurred at the steps in these simulations.? Thus although the As,
incorporation events may be smail In numbers, they can play a significant role in

controlling the surface smoothness by adverssly influencing the very inter-layer Ga

migration process responsible for achieving a smooth growth front profile.”
|

Finaily, in fig. {V.30} curves (a} and (b) are shown the RHEED specular haam behavior

touna¥ by TM when all the As; incorporation rates are increased ten—fold compared to

fig. {v.2B). This is equivalent to an increase in the As, pressure, as discussed befgre.
Curve {b) corresponds to negiecting the step configurations. Hardly any differenca is
discernable between curves (a} and (b), thus confirming the CORI model based expectation

that at high As, pressure the significance of As; reactions at steps is reduced since

hargly any Ga atoms uncovered by As octur at the staps
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TuTRODUCTION

one other important feature
involved in the growth of a material A on a perfect substrate of 3 material B (lLe.
heteroepitaxy) nesds to be accounted for. Almast Invaniably the lattice constant of A is
differant from that of 8, aven when their crystal structures may be the same. The lattice
mismatch, (Aa/a)-{[aA-aa)/a‘J. induced strain is most certainly going to play a significant
role in controlling the atomistic kinstic processes of surface migration and avaporation
whose collective interpiay will determine both the dependence of tha nature of the
growth mechanism as well a3 the nature of the surface morphalogy on tha chosen

growth conditions.
A thermodynamic description of the

ground state of a single atamic _ovnrlayer on s substrate with a starting lattice mismatch

{Aa/a) = (a-a,)/a, was, however, provided>® by Frank and Van der Merwe. Taking, as a
maodel. the substrate and the overiayer to be elemental simpie cubic structures, these
authors showaed that the total strain, t,=(Aa/a), can be accommodated homogenously in
tha overieyer up to & maximum value which was estimared to be nearly 15%. Beyond
this maximum strain, only a plrt.of the total strain, €, can be accommodated
homogenously and the ramaining strain, €up i3 sccommodated in a localized fashion

through generation of misfit dlsldéliloﬁ_s. Thui.

Er“En*Cmp - ‘ {1.12)

and a positive valus of £p implies compression in the overlayer with the aextra atomic
Planes of the misfit dislocations lying In the substrate (.e. a negative Tayior dlislocation’’),

Carrespondingly, a negative vaius of €y implies tensile strain in the overlayer and the

extra atomic “planes” defining the misfit dislocations lie in the overlayer {i.e. positive

Taylor dislocations).

These considerations have been gnneralizad-”’ to overlayars of thickness greater
than a monolayer, as weil as to systams invoiving alternately deposited A and B matarials
in a muitilayerad structure, oftan referred to as 8 supertattice. As might be expectad, for
a singie overlayer a lattice misfit (Aa/a) depandent limiting thickness. d_, is found below
which the total strain can bes accommodated homogenegusly, but beyond which misfit
dislocations will ‘be generated to accommodate a part of the strain. In 8 superlattice
involving the substrate material as one of the alternating materials. the same is true for

the layers of both materiais aithough the determination of the individual critical

: 7
thicknesses becomes more involved duse to intarnal compensating relaxation of strains. 57,

The situation in which the two (or more} alternating materials are different from the

1
substrate is eaven more compﬁcatad.’?

Some of the mest prominent predictions are: .
(i} mismaiching ai the interface is accommodated by misfit dislocations;
(i1} when the misfit and the thickness of the overgrowth are small enough
the overgrowth is coherent, ie. the misfit is entirely accommodated by a
homogeneous strain in the film;
(i} when the misfit andfor thickness is farge enough both homogeneous
strain and mishit distocations are present;
(iv) a film whose growth is initially coheremi becomes unstable at a cnitical
thickness 7. and misfit dislocations are introduced al the free edges of the
film; and
(v} as the film increases in thickness beyond r. the homogencous strain
decreases. ’
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This section reviews the stability of growing epitaxial films, predicied on
the supposition that the stable configurations are those for which the encrgy
is & minimum, i.e. ¢q. (2.12), ramely

E = minimum 6.1}

s valid.
MONOLAYERS 1= 25} : )

The condition that an island overgrowth with rectangular boundaries at’
xm+}L, and y= + 1L, be in equilibrium (stable or metastable) in the
absence of external forces is that

T,=0 sxatil,
T,=0 aty=til, 62

ThZ;T, ]‘__;; ;Ee- tensions

____ Fora monolayer witha fixed number of aloms the condition
{6.1) will be satisfied when the mean energy per slom &

is minimized, i.e. when
0 = 2E/0¢, = EEj0E, . (6.5

" condition for stable 'equilibrinm is given by an equation of the form -
UP, = 2E (k,)sk, 1. + oéa, 67

for the x-direction and sn analogous one for the y-direction. Eq. (6.7) reduces
to \ '
. : 3
1P, = 2ixk(1 + o) ' (6.8)
10 défine the limiting misht 1/P, a1 which a coherent configuration, in the

case of quadratic symmetry, becomes unstable.

Frank and van der Merwe'¥) have estimaied - for & one-dimensional
model — that the limiting misfus }/F, =2fxl, and 1/P, =1}i, at which a co-
herent monolayer loses stability and metastability respectively, are approx-
imately 9% and 143,. The limiting mishis 1/P; for the iwo-dimensional
model discussed above are related to 1/P, by

1P, = [(1 ~ o)} + @)} (1/P). (69)
The diflerence is seen 1o be due to the Poisson phenomenon and Lo infer a
reduction of approximately 25% in the limiting misfits if @ is taken equal

1k
The dependence of relative mismatch i F on relative mishit /P at which

" iU accordingly follows that he

A

e — 4
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£
 f
Es.
]
B g
gl 4
it
* MLATIVE sllﬂll P - w
<]

van der Merwe model.

THICKENING OVERGROWTHS

lin"l;hct;?l: | energy £, of a sysiem comprising an cpitaxial .overgrn.l wth of
ite thickness ¢ on a thi i-infini N
form 8 n a thick (semi-infinite) substrate may be written in the

E-ES+ELE)SHEYE,

w::cre _.ST. is the interfacial area when the film straia & vanishes, S ihe area
:u:n;h::'nn;l z:rn.‘ £, the energy .ol' homogeacous strain per unit inerfacial
area for mls;(:‘nf;:tfd:z::: T::ﬁ; di;l“r:; imh:"ﬂ'ﬂ' el
\J) unde isti i
1o1al !‘lee energy of the free surface o‘:' the o:elr;r:t:‘:t:l::: ";:l ::;:E' o
adhiesive encrgy for the coherent configuration. £, is, by definition, 'ndemm
:i:nl or.slr:nn. £, is supposed 1o be independent of strain, lhcreb): ligno?im-
he sicain dependence predicted by Drechsler and Nicholas 1), The minimi iy
tion of E, is therefore equivalent to the minimization of ' s

ErSq = EuSo+ (EL+ E}) S,

| Er = Eu(é) + 26,(5) (1 + &), o @)
The energy £y is minimized for a nni§ l; defined by T

Fig. 8. Graph of relative mismaich P versus relative misht I for which monolayer i
sable; OC and curve A being for relation (6.7) and OD and curve B for the anknn:

the monolayer system is stable, is iHustrated by curve A in ﬁg. 8; curve B

being predicied by the onc-dimensional model. Along OC the mismaich I} F . 7’] -
is zero showing that for misfits below those defined by eq. (6.9) the coherent |

JE,I&E -,

_ i=d,. (6.15)
Ball %) has calculated the relation between 7 ‘and g

configuration is stable and the misfit is entirely accommodated by hamo- ! of Cu on Ag using the expression for B for the case
gencous strain. As the relative misfit increases beyond the point C, the (6.12). The corresponding misfit of _“./m.. £, in the equilibrium equation
relative mismatch increases very rapidly by & process in which misfic dis- i growth is unstable, even for a mogols 4 i 50 large that & coberent over-
locations are fed into the interface st the frec edges. Theoretically, the misfit | — - e, Curve A (ﬁ&mor_s—;'l:“l C e ——— T
will always be partially accommodated by homogeneous sirain s is mani- madel, have been constructed * s model, and curve B, for the simple

;

fested by the fact that 1/ P is always less than /P

An important result of the one-dimensional calculations, apart from the
difference in the limiting misfits defined by points C and D is that in this
model the limitiog misft is critical by having s vertical slope at D, predicting

‘r:‘.’"'-
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Fig. 9. Dependence of equilibrium sirain #u on over.rmh thickness ¢ in eq. (6.20)
{units of &) for Cu on Ag. Curve A: model of Ball, curve B: Simple model of Frank and
van der Merwe,

[]
THICKNESS 1

The dependence of Lhe limiling thiclrmlss f, on coherent strain &, has also
been calculated by Ball'®) from his model. The result is ilustrated in fig. 10

for an average case in which g, =y, =y, and c:E.}.
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strain fsee eq. (6.24)).

2. Poteatial energy functions with a many-body
contribution

The Born-Opperheimer approximation (4] pro-
vides an unambiguous definition of 2 potential energy
function for the nuclei which depends only upon their
positions and implicitly contains the encrgy of the
ground state clecironic wavefunciion that binds
them together. If there are no caternal fields acting

on the system, then lhis—p;ienu'nl depends only on

the relative pasitions of the nuclei, which we will refer
1o hereafler as the atomic positions, and can be
expanded quite generally in & manybody series [51:

eyt == 5 T VO,)
21 °7.

* % 5T T VO prata) + .

injmk

4-—12"'2 W’('m---n'ﬁu"')'

nl i, vn

)]

The n-body potentials VL) are !'un;:tions of the |

Positions of n stoms tab et ot & time, 20d are evel-
ucled for all distinet #-tirples of atoms,

T Bt ea. £1) 10 practicw vse, one chooses & basic |

funcitors! form for each ¥ which contains a few
adjustable parameters. The parameters are then se.
lected to give the best representation of the atomic
interactions by fitting the calculated energies and
structures to available experimental data. When two
or mort types of atoms interact, different ¥ gre
needed for each distinct combination of atom types.
This is usually handled by selecting difTerent vajues
for the parameters from the same basic potential
function. The resultitg PEF's are semi-empirical
approximations to the exact Bom-Opperheimer
poteatial.

—=

t

{

Two-body contributions alope are categorically
unabie to property describe molecular configurations
for molecuiar chusters i the gas phase, so why
should one think that such potentials can properly
describe clusters on a surfice. Based on any two-
body potentials alone, a trimer in the gas phase wil
always be a planar equilateral triangle while a te-
tramer will always be & cluster of tetragonal packing.
However, in nature, many trimers and tetramers are
linear molecules. For example, Si,, G,,C,, SiC,, etc.
are linear molecules. It is only when one includes the
many-body effect that one can predict the linear
molecule to be more siable than the equilaterial

20k
" A A - i J
o 0.4 - 2 1] 1.2
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e DTA
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Graph
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1% 05 .

[{.})
hematic plot of reduced PEF, #, af & hasction of
?uﬁm-uﬂ:m. 2%, for seversl clusier
thapes. (b) #* versus Z* for several different erystalographic
siructures.

triangle molecule for the trimer. If one uses 1 three.
body potential of the Axilrod-Teller type [1] 10
model the many-body effect, then only a single ad-
ditional parameter, 7 (see eq. (2b)), is needed 10
describe the potential energy function (PEF). In
ig. I, a plot of the intermolecular potential 25 a2
function of the reduced parameter Z* (sce eq. (3b})
is given for s number of dilerent cluster shapes [ 3].
We note that large valucs of Z* favor the linear
cluster morphology. From such calculations with a
PEF involving both two-body and three-body terms,

‘.‘



the two-body term favors close-packed structures
whiie the three-body term (avors open stuctures o
that the combination of the two provides a balance
[1)- In fig. 1b, we see the dependence of bulk crys-
tallographic structural stability on Z*.

As 8 sccond example Lo illustrate the imaportance
of the many-body effect on surface considerations,
consider the sunface region atomic interlayer spoc-
_ings which are experimentally found to differ con-
siderably from the bulk. ln general, the most
pronounced rclaxatioa occurs in the spacing
between the first and sccond atomic layers, dyz,
which is found 10 be less than the buik value. How-
ever, Mﬂ:l.k:;l predictions, using only semi-empir-
ical pair polentials, always predict dy3 o be larger
than the bulk value. Because of their funclional
si _," ity, such pair-p ial-only models prohibit

their usage for modeling surface region cffects in a
truly meaningfuf fashion.

In this work, we use the following n-body potential
fuacuons:

s S ] e

POy e z[l + 3 cos 6, cos 6, cos @,,]I |
(’y’a‘h)’ ¢20) i
Vipl.)=0 (oralla>3). (2) ‘

Eq. (23} is the iwo-body Mic (or generalized
Lennard-Jones) potential [6) and eq. (2b} is the
three-body Auiirod-Teller poteatial (5,7),

There is no direct theoretical justification for using
these p_oc:ntial:, and in particulas the Axilrod-Teller
potential, 0 model the shon-runge interactions in
covalently bonded systems. The Auxilrod-Teller |
function was chosen for the purcly pragmatic reasons l
that it stabilizes lincar clusters and favors open
crystal struciuces [8]; » minimum requirement for
simulating Si or C systems. The Axilrod-Tcller po-
tentinl also has a fairly simple analytic form which
makes it computationally convenient.!

There are several possible choices present today
for a Si PEF involving the sum of two-body and
three-body considerations [3-5] and they differ in
the ounimum sumber of parameters needed 1w
define the PEF. Thesc range from 3 {3] o0 18 [5].
The problem is even more severe lor the binary
case like GaAs where the minimum number of
defining parameters has expanded from 3 w 10
Extension w0 the temary Ga-Al-As case such as
considered in this paper requires the minimum
number of defining parameters (0 increase o 22.
Thus, although the effective two-body (Lennard-
Jones) and three-body (Axilrod-Telier) coninbu-
tions are slightly simplistic with respect 10 model-
ing the deuails of solid swaie interaciions, there is |
insulficient experience and insufficient dala avail-
able to handle 2 more complex and more realistic
potential when one wanus Lo apply it to a iemary
system like Ga-Al-As. L
the parameter sct given

in 1ablc 1 was gencrated for the Ga-Al-As sys-
tem. The total interaction energy in the repeat cell
is givea by

P f: {" ..‘[(_’l:l_l 114.‘—2(’“.")‘3 ]
am1 =i d d ]

I 1 3 Z-h
+L L Y =1, {1a)

gl f=l ym=] d .
where «, 8 and y indicate the 1ype of aloms {Ga,
A‘l or As), 4 is the equilibrium nearest neighbor
distance, ¢,0 899 ry.p, arc the Lennard-Jones
panameters whike 2., is the Axilrod-Teller
parameter and

NN 1 !

1 d '
Ap=5 LT v

F i 7

lﬂ."s 4\ -
By
“ 2!21:)}?(%«4:) ' . (1)

fiitap)

N, 4 N,

1 -
7'.,,-;;2‘:);}.:[1+3m3,cosdjcosl,

(1)

In¢qs. (1), 4, 0, @, and 50 Tao 0y, 1Epresent the
angics and sides of the tiangle formed by only

d & d

x Tijtals Thipy) "mv-l)"]

three atoms 4, j and k while A, B,y and Ty,
are lattice sums depending only oa the crysial
stwucture and not the mtomic properties of the
atoms [6). _ )

Using this PEF and the parameters listed in
1able 1, an excellent fit was found 1o the zinc-
blende structure, the lattice parameter change be-
iween GaAs and AlAs for Ga, Al -, As alloys,
the GaAs specific heat, the GaAs(110) reconstruc-
tion pattern, the (2 X 2) GaAs(111) ra:omuuclmn
patcrn as well as the various cohesive energies
indicated in Gig 1. The PEF does not reproduce the
bulk modulus well. This would require another
term in the three-body contribution which would
then grow by 10 additional parameters for the
ternary system.}

Table 1
Posential ancrgy parameiers for Gg-Al-A.l yucm
Two-body pasameters ™ Thuee-body intemsity
—
. PP csisiven A,
) Zo,
VA"

Gu-Ge-Ga pLF L
As-Ar-As iy

Ga-Ga 1.004 2461
As-As [ RT2 2491
Al-A) 1216 1520 Al-Al-Al nae
Ga-As 1.7 248 Ga=-Ga-A1 1900.0
Ga-Al 11 2.490 Ga-As-As 45000
Al-As 106 14) . Ge-Ga-Al 19353
Ga-Al-Al 0913
Al-Al-As 3000.0
Al-As-As S000.0
Oa-Al-As 25000
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FIG. 4. Pair-correlation function for the 5i madel in the cys-
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FIG. 5. Prir-correlation fuaction for the Si mode in the
Siquid phase st T* =0.0817.
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MOLECULAR MECHANICS

The expression “molecular mechanics™ is currently used to define &
widely used calculational method designed to give accurate a priod
structures and energles for molecules. The method is a naturs! out-
growth from older ideas of bonds between atoms in molecules, snd van
der Waals forces between nonbonded ‘stoms. it employs the fundamen-
tal formulations of vibrational spectroscopy, and some of the basic ideas
behind this procedure can be traced back to D. H. Andrews (1930) (1).
The basic idea is that bonds have “naturs|” lengths and sngles, and
molecules will adjust their geometries so a3 to take up these values in
simple cases. In addition, steric Interactions are Included using van der
Waals potential functions. In more strained systems, the molecules will
deform in predictable ways with "nlnln" energies that can be acru-

_ rately calculated. i

Molecular mechanics calculations employ an empirically derived set

of equations for the Born-Oppenheimer surface whose mathematical
form is familiar from classical mechanics (9-20). This set of potential
furxtions, caliea the force liesd, contains adjustable parameters that are
optimized to abtain the best fit of calculated and experimental proper-
ties of the molecules, such as geometries, conformational energies, heats
of formation, or other properties. '

To understand molecular mechanics focce felds, it # conve-
nient to start with the formalism; of force fields appropriate for vibra-
tional analysis. i .

When a molecule with n atomw, defined in terms of In coordinates,
xy, is deformed from lts geometry of minimum potential energy. V., and
coordinates, Ty, the potentisl energy may be written In a Taylor series
expansion as: .

Vo = Vet g (:_lv;)l Bzt }.z. (B:::’l)| Az

L Y. ) 2.1
+’6 “g_l (M‘M'M._ . Ax,hx,Ax, + higher lennAl 2.1

In the vibrational analysia of a molecule having » geometry corre-
sponding to an energy minimum, the first term, V,, is taken as zem.!
From the definition of a p Ial minl it foll that at this
geometry the first derivative term also vanishes. For wﬂiflenlly small
displacements, as ordinarily treated In vibrational analysis, the terms
higher than quadratic are neglede\! {harmonic approximation) (1-4).
The potential energy depends o::lun the third term, to a first approxi-
mation, and if we replace the Ind derivatives, which are called the
force constants, by their symbols . we are left with the simple relation-
ship of a harmonic force ﬁeld.i -




HE most useful phenomenclogical descripuon of '

the short-range valeace forces in the tetrabedrally
coordinated crystals is the valence-force-ieid (VFF)

spproach,' in which all interatomic farces are resolved |

into bond-stretching and bond-bending focces.

‘The ¥FF maodel for diamoad-structure crystals hay
been described by Musgrave and Pople! For the pur-
pose of this paper we simplify: their cxpressions amnitting
the less imporcant forces. The umplified expression for
the VFF part of the distortion energy of each unic c2fl is

I

Umi Z #f(r-\n)’-f-z [E] Z ke (radi)

- Sl "'—"":;"_“1

2 h"(ér-')('d'-:")'i- L kv(are¥(ar],

I ()

in the astation of Musgrave and Pople! In (1} we bave
allawed the force constanty 8y’, etc., to differ for the two
atons in the unic cell denoted by 11, 7. The bonds
n.bwt.euhlmnmdmmdbyn.J-l, cerpdyristhe
equilibrium bond length, Ary is the scalar chaoge in
leagth of bood § about atom 5, and A8, is the change in.
angle formed by bonds s 'and j about s, as shown in
Fig. 1. Only the boods about one atom are induded in
lhgnmzmnm(l)wnvmddmbl:mm‘mthm
over unig cells, sy

The formulas for the-elastic constants can be ll.m.hu
simplified by an apprmnmauon suggested by Keating! |
Assume that the expansion of the VFF energy’ (1 .
involves only the squares of the scalar variations
Afry*-r,”), where r,* und r,* are bond vectors about atom
1. Then in Keating’s nonnon, we bave

One may readily show by expressing (9) in terms of
changes in bond leagths and angles thur Keating '
approximation is mhud in the VFF model by re
quiring ’

\ t.-3.+in. Lelg, . (0
. k= VI, b, ‘-1.'!.8 ) .
+ where, as before, gmj(g'427). Lo I

. one may casily show that
du elsatic canstants have the simple form

Cu+2Ci= (VB4 (3a+3)—0.3535C,, (1la)

Cu~Cu=(V3/r+0.0515C,, (11b)
Cu= {V3/4r) (a+4) -0.1365C,
-Cit, (1ic)

where

C = (3 /4r) (at2) =0.2665C, {1d)

= O 003/ a—3) —0.2945C].  (1e)
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HETEROEPLITARLAL MopELC

|
The heteroepitaxia) growth of CdTe on (100) oriented !
GaAs has been & subject of recent interest because of its .
potential applications in optoclectronic devices and especial-
ly in infrared imaging focal plane arrays.'? High quality
CdTe films have been grown epitaxislly on GaAs (100) by
vacuum evaporation,” molecular beams,**, laser assisted
deposition,'® arganometallic vapor pbase,'" hot wall vacu-
um evaporation,'? and close-spaced vapor transport.' Al-
though the current models are successful in describing some
of the experimental observations,*'® two important points
are not accounted for: How can epitaxy fake place despite a
very large lattice mismatch {14.6%) and why is the grown
layer cither (100) or (111) oriented™ """ depending on the l
structure of the GaAs surfice?

- dvagtieg bond

Te
0

As -ln’l_“

FIG. 1. Schematic of & tecrahedral unit cell formved on As-deficient [ 100)As
surface of GaAs(x), and of a iwis tewrshedral wnil cell formed on Ga-stabs-

lized {100)Ga surface of GaAs(b).

Tt has been found*'® that the epitaxial growth proceeds !
initially by the sdsorption of about one monolsyer of Te,
which can change the resulting CdTe orientation. '™ The
role of Te is taken into account in one model based on both
chemical bonding and lattice maiching considerations as
suggested first by Otsukas e af." A two-stage mechanism is
proposed with stable monolayer istands formed before mui-
tilayer growth takes place. The basic urit cells forming the
stable islands are of two kinds: & tetrahedral 327> Te-As
cell as llustrated in Fig. 1 (a) leading to (111} orientation '
growth and a twin tetrahedral 32— Te-Te-Te<<__ &1
structure giving rise 1o preferential { 100) orientation [Fig. |
1{b}].The factor influcncing the formation of ¢ither kind of
cell is the compaosition of the GaAs surface: the tetrahedral
unit cell is formed on the As-deficient surface whereas the
twin teirahedral structure develops on the As- or Ga-stabi-
lized surface.

Concerning the (111) orientation growth, Jet us consid-
et a (100) As surface of GaAs with around one hallf ol the As
stoms tmissing. Thus the real substrate appears as a double
plane, separated by 1.41 A, one plane having some Ga with
one dangling bond (in the space freed by the missing As)

T __I?c.ulcd in the {011) plane perpendicular to (011) where the
two dangling bonds of the superficial remaining As atoms

are.
" Each Te atom impinging on this surface takes place ina
selective site of the {011) plane binding with one Asand two
Ga-Arst neighbors in the lower plane through a small rota- |
tion of the dangling bonds, as seen in Fig. [(a). This effect of !
relaxation could be interpreted in terms of surface rehybridi-
zations, " This construction leaves one dongling bond, near-
ty perpendicular 10 the (100} surface, per each threefold
bound Te atom.

Now Cd atoeis can tic the Te dangling bond and initiate |,

the multilayer growth process with (1111 CdTe parallel to
{100} GaAs in the [117] direction. This mechanism im-
plies, therefore, that the basic Te atoms have to move latersl-
1y on the initial surface leading to smatl distortions in the
basic tetrahedral structures, in such s way that the repetition
of the structure is limited along the [011] axis. A sequential
two-two of two-three rows structure is expected, a8 schema-
tized in Fig. 2. On the other band, po limitation appears
along the rows in the [0T1) direction. Itis to be noted that
these sequences produce ng defect in the lattice configura-
tion of the { lll)Cd‘I'clayet.'l"hu.l.lhethrellyu'.which is
obviously (TTI) oriented, exhibies the epitaxial relations
{31114(0T1]GaAs and {0T1]]{011]GaAs. The interato-
mic planar spacing along the [211) direction is found o be
1.995 A, matching to within 0.7% with the corresponding
value for bulk CdTe (7938 A). v.er 27 :

In a first spproximation one can take for Ga-Te and
As-Te the value of Cd—Te bond length d = 2.806 A. One can
ehow that the Te atom is located at 1 site slightly up (0.15 A)

" the {100)As planc with trihedral angles GaTeGa =908
and GaTeAs = 1128, which are to be compared with 109°3 '

2 Fa i amalbes bom smen that thid




w how defects are creaced by accumulation of slastic strains,

. o Since our goal is to sho -
type of configuration exhibits & mirrar symmetry with we necd & more elaborate model of atomic interactions. To our knowledge, apart from “ab
e initio® quantum mechanical calculations - not applicable to our problem - two types of

1 -I .
et WW“’“)OM&phmAnm'MMntm value for ! I o the (100) growth let us consider interaction models hava bsen usad.

the boad length is probably smaller it will be seeq later that | oow a Ga-stabilized (or As-stabilized) surface a3 obtained
: The first is the “many body interaction potentials [61

the . ed are not invalidated. [7](0] based on Lennazd-Jones
ial, and a Axilrod-Tsllar thres body intsract

by means of chemical etches'® sod/or beat treatments pei-
ons. This has baen used mainly

This model takes into accouat the ; N | 42923 Ty ;
. conclusions reported . . ortogrowth, This surface presents two dangling bonds typas potant
for _“lﬁ.(l") orientation a1 showing that the growth : mmmmlu.m,@p;gmmﬂw:hm tipzuszzibg the structural and energatic proparties of surfaces and defeacts in semiconduc~-
starts with “advorption” of Te ntoms. i | position that would i ;e tors. This type of interactions should be, in principle, ‘associated with & HOLECULAR
! Te has a much higher su:hu hdefd““km"“"‘ l be occupned by 'h firzt missing As DYNAMICS calculation to simulats the crystal growth. But, the computation time results
! GaAs™ Thisis also § cocficient then Cd on | atoms, sloog the [011) axis, forming sp*-likcbonds withtwo  +  prohibitive. Furthermore, there is no physical bazis to describs chemical bonding in semi~
lecular beam & also to be corvelated with the resulsofmo- ¢ | Ga. In a second step two such base-bound Te can be tied by 8 conductoes by these types of potentials ; the agresmant with axperimental reaults can only
% & G T:P""‘V (Mnﬁifupmmuhnudmmm. [ | x‘mhwmkmboundwtheﬁaphummmg. to achieved by fitting a quite large set of adjustabla parameters. -
' - precursor surface o two dlll'll‘n bonds i -
12 (HDCATe growan.? , | man:dm ‘"' the ‘23%"""" Thus we ob- The second approach, developed by Chemists [9], is the MOLECULAR MECHANICS whare the
B ! These i.ructuruo. ,_T"*T"T‘<o-- chemical bond is the basic interactioa wmoda. The interaction snargy is then considered As
| . m@m“wmmymi't the sum of tha chemical bonding tarms , in accordance with crystal growth calculations, and
l duplicated several times. Now each Cd reaching the surface a STREST ENERGY related to bond lengths and bond angla variations. This appzoach has baen
foiy] . . can tie two central Te in the (071) plane, driving a slight applicd with success to describe structural propecrtios of moleculas, but alsc to explain
I fon) Ga motion of the central Te with respect (o lengths and the local order in tornary compounds [10] [llr. .
bond lengths
bond angles. These tetrahedral distartions occurring durin;
, 3 i ) " ) _ : )
ﬁ;rerillmmnzcclmcnumberd cd umca_n bebpund. ! wEvent a"Site Event l‘,"pu Time since the Molecular Hechanics approsch is
result, stable clusters of atoms take form involving at N e M W T A a static ons, it has bean associated with a
H N MONTE CARLD procedurs to simulate dynamics of

=08

| !nall'ournrﬁveCdboundmﬁveouixTe.uschcmuud
in Fi... 4. At this point the muitilayer growth process starts

. ‘Iudmg to (100) oricated Blms with the following epitazial
relstions  (100)CdTe}(100)GaAs  and  [OF1}CdTel

; {011]GaAs. In an attempt to achieve a quantitative descrip-
j tioa of the clusters ooe can take 2.86 A for the covalent Te-

crystal growth. Following A. Madhukar [5], wa
sstign a random time weighted by statiscical
thersodynamics considerations, te each possible
. event on tha surfaca. However, our ovn contri=
bution is that, after each svent, the substra=
te and adsorbed atoms rasarrange themselves in
order to minimize the total energy of the sys-

- 'é‘ MT ).'ﬂ'l'h l-llilA“llle bet‘men_Z.SSA {for Ga~-Tem o - pem. A new set of possible events is then de
2,Te,) and 281 A {CdTe) for the Ga-Te bond. Using a ¥ . - - ! il

value of it is found that 1} il H R bt e tarmined, and the oparation is started again.

weof 2.7 A it it § Te plane is ted at the H e H:::::-«:: At thia ;ninl:. local stresses on the surface

way weakan the chemical bonding energy such

. initial surface with bood angles GaTeGa = 95'8 and Ga- kN " that dafects may be created. A typical sequence
TeTe = 115 Ifit is assvaned that the ability of the basic cell R . of events with atom inpingments, migrations,
anr Basd stabla and unstable defect creations (creation

I

|

‘ level of the (100)As plase, ie, st 141 A up to (100)Ga o o
hll | ]

I

! " followad by an immediate annihilation.} is

_ to distoet is closely related 1o boad length variatioa, for in- ™
. stance & 3% vanation, then the cluster is found to be consti- i illuatrated in Fi
. cris i 0 e H ' gure 1 {30 avents) ; from the
| . ""’d"”c"{‘d!'?".l_'ﬂ_'ﬂl- amoag lvhlcho_nlysu‘l'em Es: e A i ethrteeH . whole ssquence of events, the statistical dis-
central and active in initiating the (100) multilayer growth. - . " tribution of diffarent types Of evants a3 a
As300n as the second layer of Te tries to settle up, the match- Figure 1. Typical sequence of avents Varsus function of tamperaturs has been deduced
ing of interatotnic spacingy along the [0] 1] axis, a3 appeared temperature. A : Arrival j M : Migration i {Figure 2). . ] .
before aloag the [011 ] disection, ) to & limitation of the _ 5 :Dafect Creation ;S5A :Defect Annibilation.
sumber dTa 'h" can hﬂ_bound &l one run. As a conse- Numhﬂ of “‘n"('r‘mwnmrc) . PR
quence, periodic lines of misfit dislocations extending along .l Coe . ArArri ‘ '
1011] and {011} directions are expocted with spacings aub- T . D:Diffusion Number of events{ Temnaratural®C
Jected 10 the number of Te per cluster, for instance 22.9,27.5, - ' $:Defect creation o
and 32.1 A for 13 Te, 18 Te, and 21 Te clusters, respectively, 1 T 1J i SADefect annihilation - W o - 1+
Such an effect has been experimentaily observed and report- - _-] o m‘ T - ] .
ed by Ponce ¢f al.* They have shown, using high-resolution - vt ) B A . .
traasmission electron microscopy, that the CdTe/GaAs in- - - ’ AR
url'mew locally f:ohcrcnl and exhibits the presence of a i 01y @ 0.1 ] @ . 047 - @ 0.1y - @
M‘E‘!O{m&ﬁldisloc_adom. with dislocations run- | ' . M - :
ning parallel 10 [011] and [011] directions along the inter. | . Y - ) . -
face and  two-dimensional periodicity of 31 A | T=150C T = 3000 T=380C T = gsdc.
0.0} [ 0017 . 0.0 -
FIG. 4. Clusters formed o (100)Ga swface of GaAs, H . AS
(100)CTapartl growih. Onty ams ivlvrd b vondh o rpvteniod. qonlAlD S 45 oomlALD]S 4s oot Al THA - polalolshsl
—-— — ——_.__I Figure 2. statistical distribution of ¢vants as a function of tamparaturs.
a) T = 150°C ; b) T = 300°C ; ¢} T = IW0°C ; d) T = 450°C .

A : Arrival ; D : Diffusion ; § 1 Defect Creation j A& ¢ Defect Aanihilation.
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rigurg J. Schematic representation of the two punctual defects
introduced in the first epi-layer. a)l: _Te vacancy ; b) : Ga interstitial.

Interstitial defects can be only created when  the total stress becomes large enough,
e. when the epi-layer is near completionand in the neighborhood of a vacancy, as illustra-

d in Figures 4, 5, 6. .
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Fiqure 4. Strain Energy distribution in the substrate.
(a) before, and (b} after creation of an unstable defect.
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{al before, and {b) aftcr creation of a stable defect.

In the simulation of the epitaxy of one monolayer on & substrate with 14.7% lattice
mismatch, the epi-layer is in compression while the substrate is stretched. In our results
applied to the CdTe on GaAs system, the electrostatic interactions are not considered, our
first purpose being restricted to the analysis of the defect creation. Given the relative
values of Young's modulus to shear modulus, it appears that bond angle variations are 20 to
50 times larger than bond length deformations. This will create an anisotropy of deformations
on a <100» surface. We assume, in our B.R.M. Model, that atomic displacements are limited
toward only one dimension. For computationzl simplification, the tocal energy is Efurther
developed in a second power series of the strain in the substrate. This will aveid iterative
procedure in energy minimisation but includes the effect of bond length variations.

Here, only ¢100> growth on a <100> substrate will be considered, ruling out any trihe-
dral configuration. The adscrbed atoms arc all bonded and mobile along the 110 direc- i
tion. If we deposit Te atoms on top of a defect free (100> Ga surface, two types of dcfects
are introduced ncar the surface of the epi-layer (Figure 3)
{i} The vacancies in the epi-layer which are staobilized only when an cquilibrivm with
the sceond epi-layer is reached.
{4i)Ga Lnteraelktials on the subserato surface with two dangling bonds.
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Figure 6. Strain Energy distribution in the epi-layer
{a) before, and (b) after creation of a stable defect.

Interstitials are created in this example every 20 atoms, when the substrate is consi-
dered much softer than the epi-layer.This model shows that two conditions have to be fulfil-
led for the creation of an interstitial defect :i} high enough strain in the substrate,

ii) existence of vacancies in the epi-layer.

The first condition implies that the layer is in completion, while the second is best
fullfilled at low coverage. This discrepancy limits the possibility to create interstitials
and explains the fact that at the stage of ong monclayer, the periodicity is 20 atoms ins-
tead of seven as expected. However we can expects that -the strain increasing with the thick-
ness of the epilayer- if the epilayer can easily exchanges atoms with the ambient or subse-
quent layers the number of interstitial defects would certainly increase as experimentally.

observed.

. Depending on local deformation of the substrate, intersititals are stable or unstable,
i.e. annihilated rapidly after creation. Aa shown in Figure 4, the creation of an unstable
defect results in an increase of the total epergy while the creation of a stable defect

leads to the relaxation of the energy. This relaxation occurs near the defect in the substra-
te {Figure 5), but far from the defect in the epi-layer (Figure 6).

In the case of rigid substrate, no.. interstitial defect are observed in the first epi-
layer because of the small strain in the substrate. This underlines the importance to give
to the subsequent epi-layers as they will induce straip in the subfstrate.

The anisotropy of atomic displacement on a <100> surface leads to a periodic distribu-
tion of interstitials along the high mobility lines andarandoa distributiocn of interstitial
aiong the low mohility lines. Since the high mobility linesare crthogenal from the first to
the second epilayer, the growth of the second epilayer will certainly tend to align vacan-
cies and interstitials already present in the first layer, to create large dislocations.



The combination of Mmalecular Mechanics and a Monte Carlo Method appears to be a good
way to analyse and simulate hetercepitaxial growth, taking into acgount the strain effect
on chemical bonding. The simplified version we have presented, only concerns the first depo-
sited layer. The modal allows to show the mechanisa of vacancies relaxation and of intersei-
tial creation by substrate deformation. However, the association of such defects to create
dislocations can be seen only 1Lf more epi-layers aré present.
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