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Reliable determination of kinetics parameters of adatoms in thin-film epitaxy
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We show that in an interrupted step-flow epitaxy on a vicinal surface, the decay of adatom monomer density
on terraces after deposition often has a simple dependence on the monomer diffusion coé&ffidlemt
step-edge sticking probability, and the extra step-edge energy barkgg, (Schwoebel-Ehrlich barrigrOne
may reliably determine these kinetics parameters by examining the dependencaletdljeate constant on
the average terrace width and the temperature. Such a decay can be monitored by either reflection high-energy
electron diffraction or optical reflectance difference techniq(®6163-18208)07840-0

I. INTRODUCTION of adatoms or molecules is prepared on a substrate with the
method of laser-induced desorption or atomic beam channel-
Vapor-phase homoepitaxy and heteroepitaxy are two oing through a laser standing wave, and the optical diffraction
the main growth techniques for fabricating new materialsof a probe laser beam from such a distribution is subse-
used in microelectronics, optoelectronics, and magnetic requently monitored~*! From the decay of the optical diffrac-
cording and storage media. These new materials are typicallyon signal, one can extract the surface diffusion coefficient
grown at high temperatures. This is necessary at high rates of adatoms. This technique is suited for measurements of
deposition as newly arrived atoms need to have enough ma&urface diffusion of adatoms that are different from those of
bility to reach the edges of terraces to form flat films with the substraté!?13The implementation of such a method is
atomically sharp interfaces. A number of kinetics parameterstil| fairly involved at the present time, and it remains to be

of adatoms determine the growth mode and in turn the qualkshown that it can yield diffusion kinetics parameters timely

face diffusion coefficierof adatom monomers, theticking It is desirable to explore other simpler and still direct
probability of an adatom arriving at the edge of a terrace, andhy yerimental methods to measure kinetics parameters of ada-
the extra energy barriergor an adatom to descend the edgetoms under growth conditions. This is the subject of this

Measuro hese parameters at o close to the growth tampela2Pe!: We find that by moritoing the decay of the adatom
P 9 P &onomer density on terraces during an interrupted deposi-

ture around 700 K. . : . .
Neave and co-workers showed a method to indirectly deElon and growth, one may reliably determine the adatom dif-

duce the adatom diffusion coefficient from the deposition‘cUSion coefficienD, the sti(_:king probabiliyS at a step edge
rate at which the growth mode changes from a tWO_and the extra energy barrier for an adatom tq descend a step
dimensional(2D) growth (through nucleation and growth €dge(also known as Schwoebel-Ehrlich barjiein an ear-
and coalescence of monoatomically high islandsa step- lier paper,.we.ha\ie given a brief account of the kgy results of
flow growth on a vicinal substrafelt is based upon an as- OUr investigatiort” In the present paper, we describe the de-
Sumption that in a Continuous deposition and growth SUCh @lls of our theoretical consideration and the findings that
transition occurs when the diffusion length of a newly ar-were not reported earlier.
rived adatom equals the terrace width before the next atom
strikes the terrace. It is not, however, clear that the transition
occursquantitativelywhen this condition is reached. In fact, Il. THEORETICAL CONSIDERATIONS
a reliable determination of surface diffusion coefficients re- . ) o )
quires a much more involved analysis of the transition from W€ consider an epitaxy consisting of sequences of inter-
a 2D growth to a step-flow growth’ rupted deposition and growth in a step-flow growth regime
Another technique involves scanning tunneling micro-father than a continuous deposition and grotittf. The ep-
scopic(STM) measurements of the saturation island densitytaxy takes place on a crystalline surface vicinal to a low
N, as a function of the deposition flux at a given substratéMiller index plane that exposes steps with an averaged width
temperaturé.By invoking the nucleation theoyone finds  Lierace LterraceCaN be determined by a predetermined miscut
N¢~exp(—Egi / ykgT) where the factoly is known once the angle. By limiting the consideration to a step-flow growth
critical island size is known. Unfortunately STM measure-regime at high temperature, nucleation and groathter-
ments of this type are carried out typically at below 160 K.races can be neglected and we expect terraces to be covered
Given the complexity of the morphology on a growth sur- mostly by adatom monomers. In addition, the interaction be-
face, it is not obvious that the kinetics parameters obtained atveen monomers may also be neglected. By interrupting the
such low temperatures apply at 700—900 K where the stepdeposition, we can follow the evolution of the monomer den-
flow growth occurs. sity as a result of growth at step edges. The temporal char-
Another method is the optical diffraction technique devel-acteristics of the evolution are related to the kinetics param-
oped by Zhu and co-workers and independently by Heinzters that we are interested in.
and co-workers:2 In this case, a periodic density distribution ~ As a result of step-flow growth, the terraces are expected
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FIG. 2. A representative potential energy curve for an adatom
(solid line) along a minimum energy path of diffusion on terraces
and across a step edgr.is the separation between two neighbor-
ing energy minima. The dotted line indicates the potential energy
curve on a terrace only.

scribed in the next section. Let=0 be the edge adjoining

FIG. 1. A sketch of a vicinal substrate surface with a hexagonathe neighboring upper terrace, arekL o qce the edge ad-
lattice. During a step-flow epitaxy, the widths of terraces arejoining the neighboring lower terrace. In Fig. 2, we show a
roughly stabilized to a constaht..ce LiweraceiS determined by a representative surface potential energy along a minimum en-
predetermined miscut angle. ergy path of diffusion for an adatom on and across a terrace.

We take into account the possibility that an additional energy

to become roughly evenly spaced with an average widthbarrier Egg,(i.e., Schwoebel-Ehrlich barri€) may exist for
Lierrace This is because that wider terraces receive proporan adatom to descend a step edge and another extra energy
tionally more incident atoms and thus the corresponding upbarrier E, may also exist for an adatom to reach the
per step edges advance faster while narrower terraces receiggep edge and settle down. The sticking probability of an
proportionally less incident atoms and the corresponding upadatom reaching the step edge xat0 is thus given by
per step edges advance slower. During deposition, the mon&= Syexp(—E,/ksT). The boundary condition &= L gracelS
mer density increases at a rate proportional to the depositiofletermined by the requirement that the net flux is continu-
flux. The equilibrium density of adatom monomers is deter-ous.
mined by the balance between the deposition and the growth
at step edges. The latter is usuali§fusion limited After the 1496
deposition is interrupted, the monomer density decreases as T80 9x
adatoms diffuse towards terrace edges and become attached.
Assuming that there is no significant desorption, the total
number of adatoms on the surface remains unchanged exc
that the number of adatom incorporatetthin terraces in-
creases at the expense of mononmgerraces.

| @step
a

(2a)

X=Lyerrace

wep IS the probability of an adatom at= L ¢racet0 Move
rward by one lattice spacing, successfully. It has two
contributions: one is the probability of a successful descent

Since all step edges are expected to advance at rough} the corner of the neighboring lower terrace and is given by

_ 1 ; "
the same rate once the widths of terraces become stabilize ,[p(. EgeP/kB-][)”' dthde s_econd s the pro%ab lity ?f the corner
a terrace appears stationary with a fixed witl{l,,ccin a ste Ilf feé".‘fg e udrlng ageanﬂr}esn encet IMes as ad :
coordinate frame that rides with the advancing step edgeé?su of diffusion ‘and growth on the lower terrace and Is

The evolution of the monomer density is governed by Fick’sgiven by (@4/4)(96/9%) 0. The factor of; comes from the
law in quasi-one-dimension that is perpendicular to steJaCt that only one-quarter of the adatoms at one lattice spac-

edges and the mass conservation. It is instructive to note th4t9 awtay frogn ttrllqe step-edge ccérners will rrt1|ake thi attempt to
Lierrace €Stablishes a length scale for mass transfer such thpoVe towards these comers. Lonsequently, we have
the evolution of the monomer density is expected to be de-

scribed by structural factor§(q,t)~expDg’t) with wave Eﬁ =_ erla_a ]
vectors g~ 1/Lerrace -8 We show that this is indeed the L P ay 4 x|, _,
case. Let thex axis be perpendicular to step edges andythe (2b)

axis parallel to step edges. For illustration, we show in Fig. 1 _ o

a sketch of a model vicinal surface with adatoms on theSuch a nonlinear boundary condition is the result of the fact

terraces. Since both Fick's law and the mass conservation afgat the edge of the lower terrace advances during growth
satisfied locallywe expect the monomer density to satisfy theand makes room for adatoms on the interrogated terrace. At
diffusion equation in the coordinate frame that rides with thelow coverage as is case in the asymptotic limit of the growth

moving step edgé!® after the deposition is interrupted|(d6/dx)|x=r |

<(06019x)|4-o and thus Eq(2b) is approximated by

a6 5 56 L
ot ox* @ 196 exp( — Egep/KaT) 29
_—— = C
0 is the adatom monomer coverage defined as the monomer 6 ox X=Lerrace a

number density divided by the density of the substrate sur-
face atoms. The validity of Eql) is further confirmed by The boundary condition at=0 is also determined by the
our subsequent Monte Carlo simulation that will be de-flux continuity:
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tance difference or reflection high-energy electron diffraction
= . (3 (RHEED) from the vicinal surface, one can extract the decay
x=0 exponent3,. From the dependence @; on the mean ter-
Here aq is the probability of an adatom that is one lattice race widthL ierace@nd temperature, one can in turn determine
Spacing away from the Step-edge corner to become succe@number of important kinetics parameters of adatoms during
fully attached subsequently. It also has two contributionsstep-flow epitaxy. For example, one can measure a set of
one is the probability that an adatom successfully makes gecay exponentg; at various temperatures and with differ-
move towards the step-edge corner and is simple the stickingnt mean terrace widthiserace LierraceCan be changed by
probability S, the second is the probability that a step-edgemiscutting substrates at different angles. Care has to be taken
corner is being occupied as a result of descent of an adatoff ensure that there is no substantial step bunching within the
from the upper terrace such that the adatom at one latticednges of temperatures and miscut angles. One can then plot
spacing away from the step-edge corner becomes automathe inverse of the square root g versusL e race
cally attached. The second part is given bya,/4)(d6/

196
0 9x

ag
q

9X)|x=1,,...; The negative sign takes into account the fact 1 2 Leracst /S ®
that (76/9x)|x~___=<0. Consequently, the boundary condi- N N
tion atx=0 is given by The slope of 143, gives (2/7y/D) and in turn the monomer
190 S 196 diffusion coefficientD. From the intercept (2/\/D)(a,/S),
9 a9 (3b) one extracts the sticking probabili§ Furthermore from the
MXlyoo & A temperature dependence Bf one can determine both the

L . diffusivity Dy and the activation energy barriét, on
In the asymptotic limit of the growth, we can ignore the terracesy 0 9y terrace

second term on the right-hand side and &tp) is reduced to (2) /5> Lignace@nda expEiey/KsT) <Liermace
s The solution takes a slightly different form,
(30)

106
6 ox

2 o(x,t)= 2 0nocos{(n— %) T l
n=1

Leff

x=0

It is noteworthy that if the sticking probabilit$ is roughly
unity, since ¢6/9xX) |- o~ Omax/Lierace W€ restore the well- 1\2 72D
known boundary ak=0 asf(x=0)= 6,a{& Lierracd =~ 0. Xex;{ - ( n— 5) 1z t},
We restrict our consideration to the low coverage limit eff
¢<0.3 so that we can use E(c) and Eq.(3c) to solve for  wjth an effective terrace width given by er=Lierrace
0(x,t). The solution takes different forms depending upon aexpEsey/KsT). In the asymptotic limit, the adatom

the magnitudes OEg,andS monomer density is dominated by
(1) aleXp(Estep/kBT)> Lterrace but q 1S< Lterrace-
In this case, the solution after the deposition is interrupted w2D }

e qi : 01(X,t)~ 610exp — t
is given as follows: 1(x0) mer{ A Lierrace™ @ eXP(Egtep/ ke T)1?

)

. 1 X+aq, /S
O(x,t)= >, Opesin [ n— |7 —————— From the dependence of the expongiy=mD/4[L ierrace
n=1 2 Lterrace+ a /S

+a,expCE5tep/kBT)]2 oN Lierace @nd temperature, we can

1\2 2D again obtain the adatom diffusion coefficidhtand now the
Xexr{— 5 TalS t}- (4)  extra step edge barridiye, By plotting the inverse of the
terrace” |

square root of3, versusL ierrace
0,0's are determined from the initial condition right after the

deposition. Most importantly, the asymptotic behavior of the 1 B 2 Lierracst 218X Egie/KgT) ©
monomer density is dominated by the first term, \/E - /D '
U x+a/S the slope yields the diffusion coefficieBt, and the intercept
01(X,1)~ O30S 2/ Lioacst /S yields a explsi/KgT). By measuring the temperature de-

pendence of the intercept and the slope, one can determine
both Eterraceand Estep.
(3) q eXpEstep/kBT) < Lterraceand q 1S< Lterrace—

) The solution is given by the following expression:
This means that the total number of monomers decays expo-
2_2
n“m“D
exr{ - t

nentially with an exponenB;= 7m?D/4(Lerracst @ /S)?. As

we have expected qualitatively, the exponent is proportional ~ #(x,t)= 2 9n05ir{n77 L2
to the adatom diffusion coefficierD on terraces and the =t eff 10
proportionality constantm?/4(Leracst @ /S)? is inversely (10
proportional to the square of an effective terrace widthThe effective terrace width is given Bye.4=Lieracst @ /S
Lierracet @ /S. By following the total number or the cover- +a,eXpEsiep/ksT). The asymptotic limit of the monomer
age of adatoms monomers with, for example, optical reflecdensity is dominated by

o
exp —
4( Lterrace+ q /S)z

. (5

X+a|/S

Leff
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01(x,1)~ 010 the asymptotic behavior of the monomer density. If the stan-
) dard deviation of the terrace width distribution is more than
% exp{ _ 7D t 50% of the meath ,,ccWe Will not be able to use the above
[Lterracet a1 /S+ay eXp(Ege/kaT)1? | analysis to extrach and E, reliably. However, as long as
(11) there is noticeable dependence of the decay rate on the mean

terrace widthL e acer D~4Lt2e,racﬁ/ w2 is still a very good
The decay exponenBs;=m2D/[ Lieracst & /S+ 8 expEsey ~ estimate.
kgT)]? can be determined experimentally and used to extract

the diffusion coefficient. Again by plotting the inverse of the

square root of3s versusL race IIl. MONTE CARLO SIMULATION

We now address three issues through a Monte Carlo
1 Lerracet @/ S+ a1eX(Egie/ kg T) simulation of an interrupted step-flow growth on a vicinal
\/E_ 77\/5 ' (12) surface:(1) the \_/alldlty of Eq..(l); (2) the upper I|m|§ of the
monomer density below which the analysis described in the
we find the diffusion coefficienb from the slope and,/S  previous section applied3) the asymptotic limit beyond
+a,expEsey/ ke T) from the intercept. Generally, one cannot which the adatom monomer density decays exponentially.
separate the contributions to the intercept from the sticking We have performed a Monte Carlo simulation of a non-
probability Sand the finite Schwoebel-Ehrlich barrier. If one interacting lattice gas on a square lattice with &0&long the
knowsa priori that S~1, the intercept may be used to de- X axis and 2008, along they axis as sketched in Fig. 1. To
termineEge,. If on the other hande,is knowna priori to  Simulate a vicinal surface, we make the first column of the
be small such that expEgey/ksT)~a, the intercept may lattice the initial upper terrace edge, the next 200 columns
be used to extracs. the terrace under interrogation so that the terrace width
It is noteworthy that if the decay expone@itvaries with  LierraceiS 200, and the remaining 199 columns the lower
Lierrace @t all, @/S and ajexpEsey/ksT) cannot be both terrace. Initially, we randomly deposit adatoms on the terrace
much larger tham.4ce In this case, by fitting the decay of Of interest to a coverage df=0.5. We subsequently allow
the monomer density to a single exponential function with arfdatoms to execute random walk. Considering a noninteract-
exponentg, one obtains a good estimate of the diffusioning lattice gas is reasonable in the step-flow growth regime
coefficientD~4L2, . B/ 72 from just one value oL e @S the substrate temperature is generally high so that 2D
without anyprior knowledge ofS and Egp, island formation is expected to be unstable and adatoms be-
Before leaving this section, we briefly consider the situa-Nave appro6X|mater as an assemble of noninteracting
tion where the terrace widths on a vicinal surface vary over &nonomers:° For the purpose of addressing the above three
range about the mealn, e This situation is realistic as SSUes, it is sgfﬁuent to perform simulations for the case
one always has a distribution of terrace widths on a reayvhere(1) Esepis large and thus adatoms cannot descend to
vicinal surface. Clearly if the distribution is too wide such the lower terrace and adatoms cannot ascend to the upper
that there is really not a characteristic length scale for terracterrace either(2) the sticking coefficienS is unity; (3) the
widths, we do not expect the decay of the monomer densit{j“ffus'on of adatoms along a step edge is fast so that an atom
to have simple dependence by, sce I this case we cannot  at the step edge alyvays finds and _sett_les down at a site with
use the present analysis to determine kinetics parameters. {f}é maximum possible bond coordination. To take the effect
the distribution is a few tens of a percent or less about th&f step flow into consideration in the mean field sense, once
meanL e We show here that it is still feasible to use the &N adat(_)m becomes attached and settles down at a stable
present analysis to extract kinetics parameters reliably. ~ COTner site at the edge of the terrace, we also fill the corner
To make the analysis more tractable, we assume that tidt€ on the neighboring lower terrace thatligace= 2008
terrace width has a Gaussian distribution centeredatee W&y from this site so that the lower terrace corner site be-
with a standard deviation of. In the asymptotic limit, it is COMes the new edge of the interrogated terrace. This proce-
easily shown that after averaging E@) for example over dure computationally leads to the even flow of the step

the distribution of terrace widths, we arrive at edges. If Eq(2) is valid, we expect the Monte Carlo simu-
lation to yield results predicted by Eqggl) and (5). This is
1 indeed the case.
(01(1))~ — > We record the monomer coverage profile after each time
V1+ 7D 6%t/ (Lierracet a1 /) interval of At=0.27,0X (L erracd @) 2= 8000 cs. Tres iS the
22Dt residence time of an adatom at an isolated site on a terrace.
xex;{ - 5 a— The tracer diffusion rate of such an atom is given by
4(Lerracet 8 /S)“+4m°D 5t D=a?/47,s. As shown in Ref. 14, even just after one time

(13)  interval At=8000rs where the adatom monomer coverage
is still as high as 0.34, the distribution of the adatom cover-

If 6=0.28 (errace the correction to Eq(8) becomes notice- age is already well described by two sinusoidal functions as
able only after a time ~8(Lenace™ @ /S)?/w°D when the  predicted by Eq(4),

exponential factor of#,(t)) has dropped by a factor over
100. Before this time Eq8) is a very good approximation.
As we will show in the following Monte Carlo simulation 0(x,t)~alsin(L X

! (14)
study, t~8 (L eracet & /S)?/ 72D is long enough to observe 2L terrace

+0 sin(— x) .
3 2|—terrace
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— ——T 20) or optical reflection including normal-inciderféeand
S e oblique-incidence linear reflectance difference spectros-
o X*%@i% copy® surface photoabsorption spectroscépyellipso-
. metry2>?*reflected optical second-harmonic generafioff,
o ® and reflected sum-frequency generafibhinear optical re-
x : flection techniques are more commonly used than nonlinear
1 optical techniques as the absolute signal strengths are much
] larger and the implementation is simpler. RHEED is much
1 more commonly used than LEED to monitor the growth
] mode and quality of a thin-film epitaxy.
] In the case of RHEED, one monitoc®herentspecular
1 reflection and higher-order diffractions of collimated high-

Normalized adatom coverage

Norm 7*At | energy electrong10-20 keV from a vicinal surface. At a
Norm 9*At - low coveraged of adatom monomers, the random positions
Norm 11%At ] of these adatom monomers relative to each other cause the

] electron reflection from these adatoms to be out of phase. As
e a result these monomers do not contribute to ¢bberent
specular reflection and higher-order diffractions of electrons.

0 % 100 150 20 The intensities of the specular RHEED and higher-order
x (in unit of lattice constant) RHEED deviate from their corresponding maxima by
FIG. 3. Adatom coverage profiles normalized to the mean value In,max— In(0)~21 1 maxd- (16)
nearx=Leraceafter t="7*At (At=8000rrsicencd- The profiles fit By monitoring the asymptotic recovery of either the specu-
very well 10 sing/2L erracd - larly reflected RHEED o(6) or the first-order RHEED, (6)

in an interrupted deposition and growth, one should be able
After 7At=56 000r.s when the adatom coverage drops 104 measure the kinetics parameters as described in the previ-

0.12, the profile is well described by E€) or ous section. To the best of our knowledge, RHEED has not
been used for this purpose despite its extensive use in moni-
d

(15  toring epitaxy.

Optical reflectance difference spectroscopies and ellip-
In fact the adatom density profile afteA7=56 000r,.s N0 sometry are alt_ernative methoozlg_ggr r_nonitorin_g the adatom
longer changes except for the overall magnitude as shown ifionomer density on terraces?*"** Since optical wave-
Fig. 3. The profiles in Fig. 3 fit sinf/2Lcc) essentially —|€ngths are much larger than a lattice cons@nt it may
perfectly. Also as shown in Ref. 14, the spatially averagef€eM unusual that optical reflection at such a long wave-
adatom coverage was fit well to a double exponential funclength should be sensitive at all to the rearrangement of ada-
tion. We found that the slowasymptoti¢ decay component toms on the scale of lattice constant. Such rearrangements

0(x,t)~01(t)sin<

2 L terrace

varies with timet=NAt as exptaN)=exp(0.12N). include the growth at step edges at the expense of monomers

The exponent 0.124 agrees within 1% with the theoreticaP" terraces. The sensitivity of optical reflection to atomic

value of w?DAt/AL2 __=0.2(m/4)?=0.1234 from Eq.(5) rearrangement on a surface derives from the change in opti-
terrace : " h "

: | dielectric response in the outermost surface layer. During
The f mponent h n exponrenthree tim ca : "
e fast decay component has an expo ee time as the recovery of an interrupted deposition and growth se-

large asa;, as expected from Eq&4) or (14). The excellent . e .
agreement between the Monte Carlo simulation and our an Juence, the optical polarizability of an agat_om monomer 1S
lytical analysis shows that in the frame that moves with ad- eing replaced by that of an adato”.‘ that is |r]corporated na
vancing step edges EL) is indeed valid for describing the terrace. The rgflectancg dlffgr_ence is proportional to the dif-
evolution of the adatom monomer density under step-flovJeren.Ce of optical polanzabllltles_ before and aiter theor-
growth condition. It also shows that even at coverages agoratlon and the monomer density. Zhu and co-workers re-

high as#=0.34, it is sufficient to use Eq2c) and Eq.(3c) Cently used an oblique-incidence optical reflectance

for boundary C(;nditions. Furthermore, the asymptotic limit isdlfference technlque o .monltor 1|2terrupted deposition and

already reached when expﬁt)=exp(—ﬂ'2Dt/4Lt2 1<0.3 growth of SrTiQ; on SrTi0;,(001).” They showed that the
errac "

; ; e i 6,28
~0.4. This means that as soon as the monomer density droggﬂectance difference signa(¢) is given by
Re(rp_rpo _Re{rs_rso

rpO l'so

by 40-30 % from the value immediately after the deposition an
~0
and therefore it varies linearly with the adatom coverége

is interrupted, Eq(5) can be used to extract kinetics param- S(0)~
eters as discussed in the previous section.

V. EXPERIMENTAL DETERMINATION OF THE Herer, andr are the reflectivities of the surface fprands
ASYMPTOTlC DECAY OF THE MONOMER DENSITY polarization, respectively, in the presence of adatom mono-
ON TERRACES OF A VICINAL SURFACE mers on terraces, whilg,, andr g, are the reflectivities in the

absence of adatom monomers. From the temperature depen-
The evolution of the adatom monomer density can bedence of the decay exponent §{6), these authors were
monitored with either electron reflection such as low-energyable to deduce the surface diffusion energy barrier of S§TiO
electron diffraction(LEED) and RHEED(Refs. 15, 16, and or a mobile component of it on terraces of Srf{@01). In
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003 l ‘ ‘ V. CONCLUSION

T=928K 41
R=0.09ML/sec ]

— on
—on

We have shown a simple and reliable method to measure
kinetics parameters of adatoms or molecular adsorbates un-
der the epitaxial step-flow growth condition. Such a method
is easily implemented in most vapor-phase epitaxy systems.

As to the limitations of our present analysis, we have
assumed that there is negligible 2D nucleation and most ada-
toms on terraces are in the form of monomers. In cases when
there is a substantial nucleation, one needs to invoke the
appropriate nucleation theory to separate the effect of nucle-
ation and dissociation of 2D islands from the effect of mono-
mer diffusion on the recovery of the optical reflectance dif-
ference or RHEED signals. We have also assumed that the
diffusion rate along a step edge is fast compared to the
growth rate so that step edges remain straight and parallel to
each other. This analysis fails if the growth at the step edges
is of dendritic form due to the lack of adatom mobility along

FIG. 4. Simultaneously measured oblique-incidence optical re-,Step gdges. In this case, the average width of the terracgs IS
flectance difference and specular RHEED intensity from a vicinalIII def'”?d and _the recovery of the optical or RHEED monl-_
SITiO4(001) during five cycles of interrupted deposition and step- 10riNg signals is no longer related to the adatom surface dif-
flow growth of SrTiQ. The asymptotic behaviors of both signals fusion kinetics in a simple way.
are described well by single exponential functions.

0.025 I 0.8

-Ars / r, 0)

< 0.6
002

p

04

Re(Ar /r

0.015
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0.2

0.01 ' ! 0
0 50 100 150 200 250 300

observation time (seconds)
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