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Real-time study of nucleation, growth, and ripening during FeÕFe„100… homoepitaxy
using ion scattering
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~Received 15 May 2000!

Real-time studies of submonolayer epitaxy via scattering of fast ions are applicable over a wide range of
growth temperatures and deposition rates. Computer simulations of ion trajectories and nucleation theory yield
quantitative information on atomistic growth processes. For homoepitaxy of Fe on Fe~100!, we deduce island
densities, monomer diffusion barrier, cluster binding energies, and post-deposition island ripening. Detailed
information on transitions in critical cluster size is obtained.
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Understanding the physics of epitaxial growth on crys
surfaces is fundamental for the production of thin films. A
though the basic atomic processes involved are conceptu
simple, the far-from-equilibrium dynamics of growth re
quires quantitative knowledge on all competing kinetic a
energetic parameters for reliable predictions on film m
phologies. Therefore, experimental studies are indispensa
preferably by using techniques workingin situ and in real
time. In addition, the technique should be applicable ove
wide range of growth temperatures and deposition rates
fact, by tuning temperature and rate, one can produce
different film morphologies, depending on the kinetic limit
tions in force.

In epitaxial growth of submonolayer films on flat sing
crystal surfaces, atoms from an impinging beam arrive
random positions on the substrate surface and begin to
grate. Diffusing adatoms, or monomers, may meet furt
adatoms and form nuclei. These nuclei dissociate be
other adatoms join them or form stable islands. The den
of these islands increases until the island separation beco
comparable to the adatom diffusion length. Then, most a
toms attach to islands inhibiting further significant nuc
ation, i.e., the density of nucleated islands saturates. Is
growth continues until islands come into contact with ea
other, resulting in coalescence. This scenario of diffusi
nucleation, aggregation, and coalescence is fundamenta
submonolayer growth, though details are system specific

The saturation island densityN is controlled by the ex-
perimental parameters substrate temperatureT and deposi-
tion rateF. For two-dimensional~2D! islands and complete
condensation on isotropic substrates, nucleation theory yi
the scaling law1

N5hS D

F D 2 i /~ i 12!

expS Ei /kT

i 12 D , ~1!

whereD51/4n0 exp(2Ed /kT) is the tracer diffusion coeffi-
cient with attempt frequencyn0 and diffusion barrierEd . i
denotes the critical cluster size corresponding to (i 11) at-
oms needed to form the smallest stable island.Ei is the lat-
eral binding energy of the critical cluster (E150), which is
given, in a simple approximation, by the number of neare
neighbor adatom bonds times a bond energyEb ~pair-binding
model!. k is the Boltzmann constant andh'0.2.2 In the case
PRB 620163-1829/2000/62~4!/2299~4!/$15.00
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of irreversible nucleation with stable dimers (i 51), Ed and
n0 can be deduced from measured island densitiesN in an
Arrhenius plot,3 andi from log-log plots of the island density
versus deposition flux.

In this paper, we demonstrate that these key quantitie
submonolayer epitaxy can be obtained from grazing-an
scattering of fast ions. We report on a systematic study
homoepitaxial growth of Fe on Fe~100!, where the intensity
of specularly reflected ions is measured during and a
deposition over a wide range of temperatures and depos
rates. A quantitative analysis of data based on comp
simulations emulating ion trajectories and nucleation the
@Eq. ~1!# yields information on diffusion barrier, cluste
binding energies, and post-deposition behavior. Our res
resolve a controversy on transitions in critical cluster size

Fe on Fe~100! is considered as a model system in me
epitaxy since a seminal scanning tunneling microsco
~STM! study of Stroscioet al.4 Those authors deposited su
monolayer amounts at elevated temperatures and perfor
STM measurements at room temperature. Withi 51, they
inferred from an Arrhenius dependence of the island den
on temperature forT,520 K a diffusion barrier Ed
50.45 eV. Inspection of the distribution of island sizes co
roborated that nucleation is irreversible in this temperat
range.5 For higher temperatures, smaller island densities w
narrower size distributions indicated a change in critical cl
ter size. Tentatively,i 53 has been suggested.

Although stable tetramers are plausible from bon
counting arguments, the possibility of a well-definedi 53
regime has been discussed in a number of subsequent
retical studies, mainly based on kinetic Monte Ca
simulations.6,7,8 In fact, extended transition regimes hav
been proposed, wherei changes between integer or eve
noninteger values, indicating thati should be considered a
effective quantity owing to a statistical average over differe
cluster sizes. For a clarification of these issues, meas
ments of island densities over a wide range of deposition
are required.

Unprecedented information on submonolayer epitax
growth has been obtained by direct imaging using STM3

Despite the benefits of STM owing to a unique resolutio
problems may arise for imaging during growth, especially
elevated temperatures, and because of slow imaging r
R2299 ©2000 The American Physical Society
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Indirect techniques working in reciprocal space, such as
fraction of high ~RHEED! or low ~LEED! energy
electrons4,9,10 or thermal-energy atoms,11 stand out for their
superior statistics. Quantitative information has been
tracted from an analysis of angular profiles of diffracti
beams. As an alternative to diffraction techniques, graz
scattering of keV ions from the film surface has been int
duced as a real-space technique.12 Based on a classical pic
ture, trajectories of ions are determined by a series of sm
angle deflections, leading to specular reflection. Grow
induced defects like adatoms or step-edges of islands pe
the correlated scattering process resulting in a loss of
specular-beam intensity. Interpretation is straightforward
based on classical mechanics computer simulations.13 As
will be shown, there are virtually no restrictions concerni
growth temperature or deposition rate.

Our experimental setup is described in Ref. 14. In brie
well collimated beam of 25 keV He1 ions is directed upon a
clean and flat (mean terrace width.2000 Å) Fe~100! surface
at a grazing polar angleF in51.75° with respect to the sur
face plane and an azimuthal angle of a few degrees to
@001# surface lattice direction. Specularly reflected proje
tiles (Fout'F in) are recorded by means of a channeltr
detector with small angular acceptance~60.02°!. Fe is de-
posited from a high-purity wire by electron beam heatin
During growth, the background pressure does not excee
310210mbar. The target temperature is measured by a t
mocouple with610 K and held constant during growth t
61 K.

Figure 1 shows the specular-beam intensity recorded
ing growth of about 1 monolayer~ML ! at different tempera-
tures and deposition rates. The oscillatory behavior is w
known from diffraction techniques and reflects the perio
change in surface morphology. In the simulations~curves!
ions are scattered from 2D pseudomorphic islands on a s
infinite Fe~100! crystal. The average separation between
lands is assumed to be independent of coverage~constant
island density!. The distributions of island sizes and sepa
tions are described by gamma distributions with two para
etersa for the average value, andM for the shape of the
distribution function.13 The adequacy of a gamma distrib
tion with M'2 – 3 has been inferred from LEED studies10,15

and, for Fe~100! homoepitaxy, an evaluation of STM
images13 and Monte Carlo simulation results.7

The curves in Fig. 1 represent fits with fitparametera and
M53 to measured intensities around the minimum, wh
the island density is saturated and about constant~aggrega-
tion regime!.16 The model is less adequate at low coverag
owing to a rapid increase in island density~nucleation re-
gime! and, at the very beginning of deposition, migrati
adatoms. Discrepancies upon approaching monolayer co
age are ascribed to coalescence and nucleation and gr
on top of islands.

The simulation describes the observed behavior quite w
in a range of coverages from about 0.2–0.6 ML. This cor
sponds to coverages where characteristic side bands ap
in electron and atom diffraction patterns, reflecting const
average island separations.9,10,11 Although this coverage
range already extends into the coalescence regime, Ba
and Evans16 pointed out that, in the absence of a comple
restructuring upon coalescence, diffraction theory should
f-

-

g
-

ll-
-
rb
e
d

a

he
-

.
1
r-

r-

l-
c

i-
-

-
-

e

s

er-
th

ll
-
ear
t

elt
e
e

formulated in terms ofnucleatedislands rather thanactual
islands. This applies also for ion scattering, considering
large step-edge lengths of ramified clusters of coales
islands.

The temperature dependence of the saturation island
sity is shown in Fig. 2~solid circles! together with the STM
data from Stroscioet al.4 ~open squares! for the same depo-
sition rate. We find good agreement for not too high te
peratures. From a linear fit to the data forT<470 K we
deduce from Eq.~1! Ed5(0.48560.050) eV andv059

FIG. 1. Measured~circles! and simulated~curves! intensity~nor-
malized! of specularly reflected 25 keV He1 ions during homoepi-
taxial growth on Fe~100!. Growth temperatures~from top to bot-
tom!: 590, 590, and 420 K; deposition rates: 9.031023, 5.8
31022, and 2.131021 ML s21 ~a further run marked by open
circles shows the reproducibility!. The simulations are best fits~is-
lands densities: 1.7431010, 9.4731010, and 2.3731012 cm22). In-
set: Specular-beam intensity at 550 K, showing that growth p
ceeds in a nearly perfect layer-by-layer mode.

FIG. 2. Arrhenius plot of saturation island densities obtain
from the intensity of reflected ions~solid circles!. The line is a fit to
the data for T<470 K. The deposition rate was (1.1560.4)
31022 ML s21. The error bars include uncertainties in experime
and simulation~insufficient knowledge of island size distribution
correction for the nominal rate according to Fig. 3!. Open squares
show STM results from Stroscioet al. ~Ref. 4! for the same depo-
sition rate.
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3101160.7s21 for single adatom diffusion. Above 470 K,
pronounced decrease in island density is observed with
tematic differences to STM data. Possible reasons are
perature calibration, time effects~temperature quenching i
Ref. 4! or, for the smallest densities, effects owing to fin
substrate terrace widths.

The implicit assumption of irreversible nucleationi
51) at low temperatures is corroborated by log-log plots
the island density versus deposition flux, measured at c
stant temperature~Fig. 3!. For T5420 K, a linear fit to the
data over almost three decades inF ~solid circles! yields i
5(0.8460.09). The use ofM52 in the simulations, which
corresponds to broader island size distributions,13,7 yields i
5(1.1260.13) ~open circles!.

Our data show a linear dependence for logN versus logF
even for high temperatures~Fig. 3!, but with larger slopes
This clearly demonstrates an increase in the critical clu
size i. From linear fits we deducei 5(1.2560.11) at 555 K,

FIG. 3. Saturation island densities versus deposition flux
tained from the intensity of reflected ions during growth at tempe
tures as indicated. Open and solid circles correspond to island
distributions parametrized byM52 andM53, respectively.
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(1.8060.09) at 570 K@i 5(2.0260.12) for M52#, (3.54
60.48) at 580 K, and (2969) at 590 K. These results do no
support the assumption of a well-definedi 53 regime. The
critical cluster size rather increases with increasing temp
ture with nonintegeri. Considering the uncertainty inM, it
cannot be excluded that the system switches between int
values.

Equation~1! can be used to estimate the binding energ
of critical clustersEi from the intercepts of lines in Fig. 3
Using Ed andv0 derived above, we deduce fori'2 at 570
K, E25(0.3860.15) eV. For i'3 at 580 K, E35(1.00
60.23) eV, in good agreement with 1.1 eV suggested in R
5. Adopting the pair-binding model, it seems that the bo
energyEb50.5 eV in the trimer is larger than in the dimer8

In addition, grazing ion-surface scattering allows one
monitor the evolution of film morphologies immediatelyaf-
ter deposition. Apart from studies of 3D smoothening, po
deposition behavior has been addressed with respect to
ening and dissolution of 2D islands.17,18,19,20In Fig. 4 we
show the intensity of reflected ions recorded during and a
deposition for fixed temperature. For temperatures wh
nucleation is irreversible, the signal remains constant w
the shutter is closed at 0.5 ML~arrows in Fig. 4!. This indi-
cates the absence of recovery effects during the time inte
studied. At high temperatures an increase in the specu
beam intensity shows that the saturated island densityN de-
creases with time after deposition. Data evaluation yieldsN
}t21 ~Fig. 4, inset!. This is in accordance with Ostwal
ripening of small 2D islands kinetically limited by attach
ment and detachment,19 in contrast to thet22/3 dependence
expected when diffusion between islands is the rate-limit
process.

In conclusion, we have shown that grazing ion-surfa
scattering can be used to quantitatively study nucleat
growth, and ripening processes in submonolayer epitaxy
straightforward analysis based on classical mechanics c

-
-
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FIG. 4. Intensity of reflected ions~normalized! versus time for
growth temperatures as indicated. The shutter was opened att50
~vertical line! and closed at a coverage of 0.5 ML~arrows!. Inset:
Reciprocal saturation island density versus time after closing
shutter as obtained from the 590 K curve.
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puter simulations and nucleation theory links the specu
beam intensity to atomistic quantities like diffusion barrie
or binding energies. The method is complementary to es
lished techniques, like STM or electron diffraction, as
works in real-time and real-space at virtually all growth te
peratures and deposition rates. Application of the metho
submonolayer growth of Fe on Fe~100! yields a comprehen
sive view of the temporal evolution of the film morpholog
.

.

r-
s
b-

it
-
to

and its dependence on growth temperature and depos
rate. In particular, detailed information on transitions in cri
cal cluster size are obtained.
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