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Molecular beam epitaxial $1L11) grown below a certain temperature result in amorphous structure
due to the limited surface mobility of atoms in finding correct epitaxial sites. In spite of many
experimental and theoretical studies, the mechanism of crystal-amorphous transition and its
dynamics related to the growth conditions are not well understood. In this article, we present a
theoretical model based on the formation of stacking fault like defects as a precursor to the
amorphous transition of the layer. The model is simulated based on a stochastic model approach and
the results are compared to that of experiments for temperatures in the range of 500-900 K and
growth rate in the range of 0.1-3.0 A/s. The agreement between our results and experimental
observations is excellent. @996 American Institute of Physids$§0021-897@6)00723-3

I. INTRODUCTION In this article, we adopt a kinetic model based on defect
formatior? for studying the LTE phenomenon in @i11) and

Molecular beam epitax¢yMBE) of Si has attracted much describe it using a stochastic model of growth. In Sec. Il,

attention in the past few years because of the simplicity otletails of the proposed kinetic model and the stochastic

the mono-atomic epitaxial system and the possibility of newmodel are presented. In Sec. lll, results of the stochastic

device applications. In Si MBE growth, the low temperaturemodel are compared with the experimental work of Ref. 6.

growth material exhibits amorphous structure due to limitedConclusions are presented in Sec. IV.

surface migration. Low temperature growth of Si has been

the subject of several experimentdl and theoreticl®®  II. KINETIC AND STOCHASTIC MODEL

studies. An e-xcellent revigw of these works i; presenteq ill\. The kinetic model

Ref. 3. A variety of experimental tools, scanning tunneling

microscopy, transmission electron microscopy reflection Note that in the case of low temperature[$11] MBE

high energy electron diffractién and Rutherford back growth, the bonding geometry allows for the easy formation

scatterin§ have been used to study the low temperature epof stacking faults which accumulates over many layers and

itaxy. The general conclusions of these works are: for dltimately leads to amorphous growth. If the thermal energy

given growth condition, there is a fixed thickneg,;, up to IS high enough for the Si atoms at the wrong site to migrate

which the epitaxial layer is crystalline and then turns intot0 @ correct site, then they make a correcting hop to a nearest

amorphous material; thie,,,; is growth condition and orien- neighbor correct site. Thus the epitaxial layer grows as crys-

tation dependenth,,; versus temperature dependence fol-talline. This paper has adopted such a kinetic model and

lows an Arrhenius type rate behavior with an activation en-developed a stochastic model to test its validity.

ergy of 0.45 eV for S(100. The activation energy slightly

increases with increasing growth rate. The temperature d§- The stochastic model

transition to amorphous growth from crystalline growth is  The stochastic model is based on the master equation
found to be orientation dependent with a temperature differapproach with random distribution approximation for the
ence of about 300 K betwe¢h00) and(111) growths. ltwas  syrface atomic configurations. Details of the stochastic
observed that the temperature regime of amorphousmodel are presented in Ref. 9,10. The layer sequence in a
Crysta”ine transition for S(lll) is Shal’p and occurs over a diamond cubic Crysta| growing a|0nm11] direction is:
150 K rang€’ AaBbCc where atoms in the a, b and c layers are singly
There are a few theoretical models developed and useghvalent bonded to the surfa¢gecondary and the ones in
to study the low temperature epitakyTE) of Si and other A B and C layers are triply covalent bonded to the surface
materials: continuous break down modelefect accumula-  (primary). Two surface kinetic processes are considered in
tion model? hydrogen and impurity segregation mdtlahd  the model: adsorption and intralayer migration. Evaporation
roughening model. These models explain some features ofand interlayer migration are assumed negligible due to low
the LTE phenomenon, but not all of them. Thus there is aemperature. The adsorption of Si atoms can occur at two
need to develop a model which will capture all the necessaryifferent sites in a layer; the correct site and the stacking
physics and clarify all the experimental observations. fault site. It should be noted that the occupation of &B)A
site disallows occupation of the three adjace( Bsites due
aEectronic mail: venkat@unlv.edu to bond angle constraints. Similar constraints hold for C at-
PElectronic mail: dorseydl@wl.wpafb.af.mil oms too.
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The time evolution of the epitaxial crystal can be de-
scribed in terms of the rates of change of independent macro-
variables of growth(i.e), concentration variables;A(n),
Cg(n), and C¢(n), and the atom-vacancy pair variables,
Qa(n), Qg(n), and Q(n). The rate of change of these
macro-variables can be described in terms of the rates of
adsorption and surface migration processes as described in
Ref. 9'10 @ Assites ‘ B site atom

For the primary layers, thed adsorption rate of atoms at A

ads,

type sites in then'" layer,[dC3°%(n)]/dt, is given by
dcadsn) J

— 5 = 3(Fe(n=1)+Fc(n=1)= Ca(n) ~ We(n) '
—We(n)), D ©
whereJ is the flux and 3 in the denominator is to allow equal A A A A A

flux for all three sitesFg(n—1) andFc(n—1) are the A
sites created by the— 1" layer B and C atoms, respec-
tively, through triple covalent bonding coordination and are

(@)

@ C site atom

@ Assites . B site atoms

given by
. FIG. 1. A schematic picture of atomic arrangementlitil) plane depicting
Ngg(n—1) 2 the wastage of one type of site due to the presence of atom at another type
—1)= ) == f site.
Fg(h—1)=Cg(n—1) 3CL(n—1) 2 of site
and
’N“CC(n_ 1)\? Figure 1(a) prevents the occupation of three sites denoted 1,
Fco(n—1)=Cc(n—1) 3Cn=1)] ° (3 2 and 3. When the layer is completely occupied by B atoms,
C

_ _ all A sites(one A site for every B atoinare prevented from

whereNgg(n—1) andNqc(n—1) are the normalizetto the  occupation as shown in Figuréh.

number of sites in the layer,)Noncentrations of B atom-B The rate of change of A atom-vacancy pair concentra-

atom and C atom-C atom pair configurations, respectively, iriion, Q,, due to adsorption of an A atom is given by

the n—1'" layer. Fg(n—1) andF¢(n—1) account for the dQ2s(n) 3
A

formation of triangular pairs necessary to form triple cova- — ==~ =~ (F (n—1)+Fc(n—1)—Ca(n)—Wg(n)

lent bonds with subsequent layers. In the Ilimit of dt 3

Cg(n—1) tending to 1Ngg(n—1) tends to €g(n—1) and, N (M= 1QA(n)
hence,Fg(n—1) tends to 1 according to Eq. 2, which is —We(n ( VVA 2 <A (6)
correct. In the limit ofCg(n—1) tending to ONgg(n—1) 3Cya(n)

tends to 0 and, hencEg(n—1) tends to 0 according to Eq. ¢, primary layers, Wher&VVA(n) andC,, are the normal-

2, which is also correct. _ _ized vacancy-vacancy pair and vacancy concentrations, re-
W;g(n) and W¢(n) are the concentrations of A sites spectively for the A site.

which are wasted due to the presence of B and C type atoms, |nrajayer migration of atoms is allowed from the wrong
respectively, and are given by sites to the correct sites. If the wrong sites in a layer are B

Qx(n) Qg(n) |2 and C, then atoms at B and C can migrate to an A site. All

Wg(n)=Cg(n)| 1+ ( 6C (n)) (6C (n)) ) (4)  other types of migrations are expected to be negligible due to

B B low thermal activation compared to the bond energies. We

and call this type of migration the correcting hop process. The

0u(n) Qu(n) |2 correcting hop process will result in better crystallinity of the
c )+( c ) ) (5) epitaxial layer. The rate of migration of a wrong site atom
6Cc(n)) 16Cc(n) (say B to a correct sitgsay A in the n" layer based on

respectively. Qg(n) andQc(n) are the concentrations of B Arrhenius type rate behavior, is given by

Wc(n)=CC(n)(1+

atom-vacancy and C atom-vacancy pairs in the layer. dchie(n) Ca(n)
Details of the derivation are left out due to space limitations——2_ "~ _ g gmig| ~8 - +
; o _ ; 6XRiso (C(n)=C(n+1))
Note that in the limit that the concentration of B atoms is C(n)
smaII,QB(n) tend to Bg(n) and, henceWB(n_) tendslto 3 X (Fg(n—1)+Fa(n—1)—Ca(n)
Cg(n), i.e., every B atom was$e3 A atoms sites, which is
correct. In the limit ofCg(n) tending to unity,Qg(n) is 0 —W;g(n)—Wc¢(n))
and, henceWg(n) tends toCg(n), i.e., almost all A sites are ~ Ka 1 Ky\ 6
wasted, which is also correct. A schematic picture describing Naa(n)e "A—3Qa(n)e @
the above limits is shown in Figure 1. The isolated B atom in 3Ca(n)

6220 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 Venkatasubramanian et al.



for the primary layers, wherg[L, is the migration rate of an
isolated B atom{[ Cg(n) ]/[C(n)]}[C(n) — C(n+1)]is the
fragtion of B site atoms available for migration and
{[Naa(n)e™ A= 3Qa(n)eXAl/[BCA(N)]}® is the energy
term accounting for the nearest neighbor binding within the
layer. The number 6 in Eq. 7 is the inplane co-ordination
number andK ,=Vaa/(kgT) is the normalized energy pa-

rameter withV 4, the atom pair binding energig the Bolt-
zmann constant andl the temperature in K.

The rate of change of A atom-vacancy pair concentra-
tion, Qa(n), due to migration ba B atom into an A site, is

given by
doR'(n) . Cs(n)
T—6><Risog( cim )(C(n)—C(nJrl))

X(Fg(n—=1)+Fc(n=1)—Cx(n)
—Wg(n)—Wc(n))

Naa(n)e KAt %QA<n>eKA)6
3Ca(n)

3Cya(n) ®

NVVA(n)_ %QA(”))

1.0 "
—0.1Ass
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FIG. 2. Plots of normalized time averaged concentration of wrong site at-
oms parameter versus growth temperature for various growth rates.

respectively, where the terms ‘in’ and ‘out’ in the superscript
refer to atoms migrating into and out of the A site.
Expressions similar to Egs. 10 - 11 can be written for B
and C atoms for tha'" layer. Thus, there are six time evo-
lution equations per layer which are coupled, nonlinear, first
order differential equations and are not analytically inte-

for the primary layers. The rate of change of B atom-vacancyyrable. These equations for 24 consecutive lag@@ximum

pair concentrationQg(n), due to migration ba B atom into
an A site, is given by

Cg(n)

dQg"(n) .
———— =6 xR o)

dt 1SO

(C(n)—C(n+1))

X(Fg(n—=1)+Fc(n=1)—Cx(n)
—Wg(n)—Wc(n))

('N“AA<n>e-KA+ %QAm)eKA) °

3Ca(n)

©)

(NAAm)e—KA— %QAm)eKA)
X

Naa(n)e Kat 1Qa(n)eka

considered due to computational limitatipneere solved us-
ing numerical integration on a SUN Sparc station. The CPU
time for a typical growth simulation of 10 s was about 1
CPU hour.

Ill. RESULTS AND DISCUSSION

Due to the lack of published values for model param-
eters, such as the activation energy for intralayer migration
and second nearest neighbor atom pair interaction energy for
the Si MBE growth system, the following values were cho-
sen. The atom pair interaction energies were assumed to be:
Va_an= Vg_g = Vc_c=0.2eV. The frequency factor for in-
tralayer migration is assumed to b& 20'Y/s. The activation
energy for intralayer migration of an isolated wrong site
atom is assumed to be 1.3 eV, which is a typical value mea-

for the primary layers. Expressions for the secondary layersured and used for several semiconductors. The substrate

can be obtained by replacingFg(n—1)+Fc(n—1)
— Ca(n) =Wg(n) =Wc(n)] with [Ca(n—=1)—=Cxa(n)] in

temperature was chosen in the rarig®0—900 K and the
growth rate was in the range 0.1-3 A/s.

Egs. 1,6-9 due to change in the subsurface covalent bonds By numerical integration, the solution to the differential

from 3 to 1.
The total rate of time variation d€,(n) and Qa(n) is
given by

dCa(n) ~ dCf\dS(n) N dCZlig,in(n) ngig,out(n)

dt - dt dt dt
(10)
and
dQA(n) B szdS(n) .\ dQZ]ig,in(n) - dQEig,Out(n)
(11)

J. Appl. Phys., Vol. 80, No. 11, 1 December 1996

equations was obtained. From the concentration variables,
Ca(n), Cg(n), andCc(n), using the following expression,
the normalized time averaged concentration of wrong site
atoms,NTCWSA was obtained as

0 =1 TNA

NTCWSA= T )
whereTWSAand TNA are the total number of wrong site
atoms and total number of atoms, respectively @nd the
total time of growth, which was 10 s for all our growth
simulations.

T 1229 (TWSA-TNA
f TWSA TRA) ¢
1

(12

Venkatasubramanian et al. 6221
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FIG. 3. Plots of normalized time averaged concentration of wrong site at- FIG. 4. Plot of Ty, versus growth rate with experimental déta.

oms parameter versus growth temperatures for 0.3 A/s along with experi-
mental data of Weiet al®

The model is general and can be adopted for other ori-
entational growths and other material systems. The limita-

The NTCWSAwas obtained for various growth tem- iqng of the model are that it only simulates amorphous struc-
peratures and growth rates. Plots BITCWSAVersus e indirectly through stacking faults and, due to

growth temperature are shown in Figure 2 for growth rates inomptational time limitations, we cannot study thickness
the range 0.1-3 A/s. It is observed that 1i& CW S Apa- limited epitaxy.

rameter decreases with increasing temperature and becomes

very small at high temperatures, indicating growth of good

crystalline quality material with less stacking faults, which is V- CONCLUSION

in agreement with the experimental observations of Weir  \ye have developed a theoretical model for studying the
etal® At low temperature, the layers are completely ran-crystal-amorphous transition in MBE grown @i11) model
domly filled indicating a high degree of stacking faults which hased on the formation of stacking faults as a precursor to
according to our model represents an amorphous materighmorphous transition of the layer. The model is simulated
The NTCWSAversus temperature plot is shown along with paseq on a stochastic model approach and the results are
experimental data of Weit al®in Figure 3, and the agree- compared to experiments. The agreement between our re-
ment between the results is excellent. The temperature ranggjts and experimental observations is excellent for various
of transition is 100-200 K which compares well with Weir gyo\th conditions. The model is general and can be modified

6 . . .
etal,” for 0.3 A/s as shown in Figure 3. Additionally, the o studying other material systems and orientations.
transition itself moves towards lower temperatures for lower

growth rates as shown in Figure 2, which is consistent with
increased effective migration rate of atoms at lower growthA‘CKNOWLEDGMENT

rate and high temperatures. N . The initial work was performed at the US Air Force
A plot of half temperatures of transitiof,;;, (at which Wright Laboratory, WL/MLPO, WPAFB, Dayton, Ohio, as

half of the layers are amorphous, i.8lTCWSA=0.5), is  part of a summer faculty fellowship program during summer
shown as a function of growth rate along with the experi-1gg2.
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